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The effect of external inorganic nitrogen and K* content on K* uptake from low-K* solutions and plasma
membrane (PM) H*-ATPase activity of sorghum roots was studied. Plants were grown for 15 days in
full-nutrient solutions containing 0.2 or 1.4 mM K* and inorganic nitrogen as NO3~, NO3~/NH4* or NH4*
and then starved of K* for 24, 48 and 72 h. NH4* in full nutrient solution significantly affected the uptake
efficiency and accumulation of K*, and this effect was less pronounced at the high K* concentration. In
contrast, the translocation rate of K* to the shoot was not altered. Depletion assays showed that plants
. grown with NHs* more efficiently depleted the external K* and reached higher initial rates of low-K*
Low-K* net uptake . _ . R
Plasma membrane uptake than plants grown with NO3~. One possible influence of K* content of shoot, but not of roots, on K*
Roots uptake was evidenced. Enhanced K*-uptake capacity was correlated with the induction of H* extrusion by
PM H*-ATPase. In plants grown in high K* solutions, the increase in the active H* gradient was associated
with an increase of the PM H*-ATPase protein concentration. In contrast, in plants grown in solutions
containing 0.2 mM K*, only the initial rate of H*-pumping and ATP hydrolysis were affected. Under these
conditions, two specific isoforms of PM H*-ATPase were detected, independent of the nitrogen source
and deficiency period. No change in enzyme activity was observed in NO3;~-grown plants. The results
suggest that K* homeostasis in NH4*-grown sorghum plants may be regulated by a high capacity for K*
uptake, which is dependent upon the H*-pumping activity of PM H*-ATPase.
© 2011 Elsevier GmbH. All rights reserved.
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High-affinity K* uptake was first characterised by Epstein et al.
(1963) in barley roots, and its kinetic parameters were fitted to
Michaelis—-Menten'’s kinetic model. Since then, several studies have

Introduction

K* uptake by roots is a key physiological process for plant

growth, as well as development and survival in environmen-
tally stressful conditions, such as salinity and drought (Maathuis
and Sanders, 1996; Maathuis and Amtmann, 1999). In soils with
low-K* availability, transport of this ion across the plasma mem-
brane (PM) is mediated by a high-affinity transport system whose
kinetic, energetic and regulatory aspects have been characterised
in detail (Epstein et al., 1963; Maathuis and Sanders, 1996; Véry
and Sentenac, 2003).

Abbreviations: PM, plasma membrane; to, plants grown for 15d in full nutri-
ent solutions; ty, t; and t3, plants subjected to K* starvation for 24, 48 and 72 h,
respectively; TE, transport efficiency; UE, uptake efficiency.
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demonstrated that high-affinity K* influx exhibits K, values in the
micromolar range, shows no discrimination between Rb* and K*
and is sensitive to Na* and NH4* (Epstein et al., 1963; Vale et al.,
1987; Banuelos et al., 2002). Furthermore, high-affinity K* uptake is
tightly regulated by K* status in tissues (Glass, 1975). When plants
are subjected to K* starvation, tissue K* content decreases and K*
influx rates are rapidly induced (Glass, 1975; Fernando et al., 1990;
Martinez-Cordero et al., 2005). Under these conditions, a number
of high-affinity K* carriers of the KUP/HAK/KT and HKT families are
rapidly up-regulated (Santa-Maria et al., 1997; Wang et al., 1998).
These transporters are believed to move K* via coupling transport
to the H* or Na* gradient (Maathuis and Sanders, 1994; Rubio et al.,
1995). However, the AKT1 K* channel has also been identified as an
important component of the K* uptake system, even in micromo-
lar concentrations of external K* (Hirsch et al., 1998; Spalding et al.,
1999). Electrophysiological measurements have demonstrated the
capacity of plant cells to develop highly negative membrane
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potentials required for passive K* uptake to occur through a channel
(Sentenac et al., 1992; Hirsch et al., 1998).

Exposure of roots to NH4*-rich environments can affect the
contribution of each system (K* transporters and K* channels)
to high-affinity K* uptake. A NH4*-sensitive component, probably
mediated by transporters of the KUP/HAK/KT family, contributes to
K* uptake in the absence of NH4*, while a NH4*-insensitive compo-
nent, mediated by AKT K* channels, operates when NH4* is present
in the growth solution (Santa-Maria et al., 2000; Rubio et al., 2008;
Szczerba et al., 2008). The physiological role of both K* transport
systems for K* nutrition and plant growth has been demonstrated
(Pyo et al., 2010; Rubio et al., 2010), but the relative contribution of
each systemin controlling K* influx may vary considerably between
plant species. For instance, it has been demonstrated that the NH,*-
sensitive component dominates high-affinity K* uptake by tomato
roots (Nieves-Cordones et al., 2007), while both components oper-
ate in pepper and Arabidopsis (Martinez-Cordero et al., 2005; Rubio
etal., 2008). Although the responses to external NH,* and K* avail-
ability are of great interest for our understanding of K* uptake
in plants, little is known about their effects on the energisation
mechanisms of secondary transport systems.

PM H*-ATPase (EC 3.6.1.35) plays a critical role in the plant
response to nutrient deficiency. Its proton pumping activity results
in the formation of an electrochemical gradient and is believed to
activate and regulate secondary solute transport across the root
surface. Previous investigations have shown the close relationship
between PM H*-ATPase activity and the uptake of nutrients such
as nitrate (Santi et al., 2003), iron (Dell’orto et al., 2000) and phos-
phorus (Shen et al., 2006). Correlative evidence for PM H*-ATPase
activity and K* influx was suggested by Amtmann et al. (1999),
who observed that apoplastic acidification may cause changes in
K* uptake rates via specific channels. However, in spite of the
large increase in K* influx observed in K*-starved roots in barley
(Fernando et al., 1990), the total amount of PM H*-ATPase was
not altered, and the induction of specific isoforms was suggested
(Samuels et al., 1992). Recently, LeHAK5 transcript levels have been
proposed to be positively regulated by the hyperpolarisation of PM
potential in tomato roots (Nieves-Cordones et al., 2008). Thus, the
role of this enzyme would be essential for high-affinity K* influx.

In this study, we carried out a kinetic comparison of the K*
uptake from low-K* solutions by sorghum roots on the influence of
the tissue K* content and the presence of different combinations of
inorganic nitrogen in the growth solution. The H*-pumping and ATP
hydrolysis activities and the isoform expression (by immunoblot-
ting) of the PM H*-ATPase in sorghum roots were also investigated.
The results obtained show that the external NH4* increases the
active H*-transport by the PM H*-ATPase under conditions of K*
deprivation, which can explain, at least in part, the stimulation of
low-K* uptake. Moreover, the increase in the PM H*-ATPase activity
could involve one or more specific isoforms. Together, the results
show important characteristics of K* uptake and its regulation in
the presence of NH,*.

Materials and methods

Plant growth and treatments

Seeds of sorghum [Sorghum bicolor (L.) Moench], genotype CSF
20, were surface sterilised for 5 min using a 1% solution of commer-
cial bleach and then washed several times in distilled water. Seeds
were germinated in plastic cups containing vermiculite moistened
with distilled water. After 4 d, fifteen seedlings were placedin 10.0 L
containers filled with modified one-fourth Hoagland solutions,
which were formulated to contain two concentrations of K* (0.2 and
1.4mM), and three inorganic nitrogen sources (NO3~, NO3~/NH4*
and NH4*) ata final concentration (total nitrogen) of 4.0 mM. K* was

supplied as KCl and nitrogen as either Ca(NOs3),, NH4NO3 or NH4CL
In nutrient solutions containing NO3~ as the sole nitrogen source,
the following macronutrients were supplied: 0.25 mM MgSO,4 and
0.2 mM NaH,POy. In nutrient solutions containing NO3~/NH4"*, the
following macronutrients were added: 0.25 mM MgSOg4, 0.2 mM
NaH,PO4 and 2.0 mM CaCls,. In nutrient solutions containing NH4*
as the sole nitrogen source, the following macronutrients were
supplied: 0.25 mM MgS04, 0.2 mM (NH,4),HPO4 and 2.0 mM CaCl,.
Micronutrients were similar in all tested nutrient solutions: 50 uM
CaCly, 12.5 uM H3BO3, 1 M MnSOy4, 1 M ZnS0y, 0.5 M CuSOy,
0.1 M H;Mo04 and 10 uM Fe-EDTA. Constant aeration was also
maintained. The pH of the growth solutions was maintained at
5.5-6.0 and adjusted as needed with 1M NaOH or HCl. The K*
concentration of nutrient solutions was monitored daily and main-
tained at established values. Solutions were exchanged for fresh
nutrient solutions on days 9 and 12 to ensure that plants remained
at a nutritional steady state. On day 15 (ty), plants were transferred
to identical solutions lacking in K* and subjected to K* deprivation
for 24 (t1), 48 (t;) and 72 (t3) h. Plants were grown in a green-
house with mean values for air temperature and relative humidity
of 32.0°C and 67.5% (daytime) and 22.0°C and 90.0% (nighttime),
respectively.

K* content and uptake and transport efficiencies

Five plants were harvested from each treatment at ty, t1, t; and
t3, and their roots were immersed in deionised water for 10 min.
Roots and shoots were then separated and dried in an oven at 60 °C
for 72h. K* was extracted from 20mg of finely powdered root
and shoot samples with 2 mL deionised water and centrifuged at
3000 x g for 10 min. K* content was determined by flame photom-
etry and expressed on a dry weight (DW) basis. K* uptake (UE)
and transport (TE) efficiencies were estimated from the data corre-
sponding to ty by the following equations:

total K*contentin plant

+ o1 _
UE(mmol K" g~ DW) = 00t DW

K" content in shoot

- x 100
total K" contentin plant

TE(%)

K* depletion experiments

The K* uptake from low-K* solutions was estimated by the rate
of depletion of K*, as described by Claassen and Barber (1974).
Assays were carried out in a controlled-environment room with air
temperature and relative humidity of 24.8 + 0.7 °C and 69.8 4+ 5.5%,
respectively. Light was provided by three fluorescent lamps, which
were placed at a distance of 50cm over the plants. In the early
morning (7:00am), plants maintained in their respective growth
solutions were transferred to the room to acclimate to the described
conditions. After 3 h of acclimation, roots were rinsed in deionised
water for 10min, and then the plants were individually placed
in plastic pot containing 130 mL of uptake solution. This solu-
tion consisted of the following macronutrients: 2.0 mM Ca(NOj3),,
0.25 mM MgS0y, 0.2 mM NaH;PO4 and 0.1 mM KCI. The micronu-
trient composition was similar to that of the growth solutions. The
pH of the uptake solution was adjusted at 5.8. During depletion
assays, constant aeration was supplied. 1 mL samples were taken
at 30 min intervals for 5.5 h, and K* concentration was determined
by flame photometry. After each sampling, deionised water was
added to the pot to maintain a constant solution volume. After
completion of the experiment, roots were rinsed for 10 min in dis-
tilled water, then excised and dried in an oven for 3d. The data
of the K* concentrations during the first 90 min for each deple-
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tion curve were fitted by simple linear regression, and the slopes
obtained were used to estimate the initial rates of low-K* net
uptake (pmol K* min—! g=1 DWygot).

Plasma membrane isolation

Sorghum roots (15¢g) harvested at ty and t, were rinsed with
cold, distilled water and homogenised with mortar and pestle for
5 min in 50 mL of homogenising buffer containing 75 mM Tris-HCI,
pH 8.0, 250 mM sucrose, 2 mM EGTA, 2 mM MgSO4, 1 mM phenyl-
methylsulfonyl fluoride, 2 mM dithiothreitol (DTT), 10% glycerol,
0.5% bovine serum albumin (BSA) and 3% polyvinylpyrrolidone. The
homogenate was filtered through three layers of cheesecloth and
subjected to sequential centrifugation, first centrifuging at 9000 x g
for 15 min, then discarding the pellet and centrifuging the super-
natant at 20,000 x g for 1 h. The microsomal pellet was carefully
resuspended in 1.5 mL of buffer containing 5 mM KH,POy4, pH 7.5,
250mM sucrose, 1mM DTT and 0.1 mM EDTA. The PM vesicles
were purified by the aqueous polymer two-phase partitioning sys-
tem described by Widell et al. (1982). Resuspended membranes
were added to an 8.0g phase mixture to produce a 10.0g aque-
ous polymer two-phase system with a final composition of 5 mM
KH;POy4, pH 7.5,250 mM sucrose, 6.2% (w/w) dextran T500 (Sigma),
6.2% (w/w) polyethylene glycol (PEG 3350, Sigma) and 5mM KCL.
The samples were thoroughly mixed by inversion 20 times and
centrifuged at 1000 x g for 5 min. The upper phase (U1) was trans-
ferred to a second tube containing a new lower phase obtained
from the centrifuged phase system. The procedure of mixing and
centrifugation was repeated twice to obtain U3. This upper phase
was removed, diluted with 5 mM Tris—Mes, pH 7.5, 250 mM sucrose
and 1 mM DTT and then centrifuged at 80,000 x g for 1 h. The pellet
was resuspended in buffer containing 1 mM Tris-Mes, pH 7.5, 20%
glycerol and 1 mM DTT and was either used immediately or stored
at —20°C. All steps were performed at 4°C. The protein concentra-
tion was determined according to Bradford (1976) using BSA as a
standard.

H*-ATPase activity

PM fractions (2-4 g of protein) were incubated in 0.5 mL of
reaction medium containing 30 mM Mes-Tris, pH6.5,5 mM MgSQOy,
50 mM KCl, and 0.05% (w/v) polyoxyethylene cetyl ether (Brij 58).
The reaction was initiated by adding 5mM ATP and carried out
for 30 min at 30°C. Inorganic phosphate content was determined
spectrophotometrically at 820 nm according to Fiske and Subarrow
(1925). To assess the homogeneity of the PM fraction preparations,
ATP hydrolysis was assayed using inhibitors specific for mitochon-
drial (1 mM sodium azide), vacuolar (50 mM potassium nitrate),
and PM (0.5 mM sodium orthovanadate) ATPases and for unspe-
cific acid phosphatase (0.1 mM ammonium molybdate) (Yan et al.,
1998). PM ATPase activity was determined by the difference in
activity between the assays in the presence and absence of 0.5 mM
sodium orthovanadate.

Proton pumping

Proton uptake into inside-out vesicles was spectrophotomet-
rically measured as the decrease in absorbance at 495nm of
the ApH-sensitive probe acridine orange (AO) as described by
Palmgren and Sommarin (1989). The reaction medium (1.0 mL)
contained 10 mM Mes-Tris, pH 6.5, 5 mM MgS04, 50 mM KCl, 0.05%
(w/v)Brij 58,10 wM AO and 75 g of membrane protein. After equi-
libration of the vesicles with the dye for 10 min at 25°C, 2 mM ATP
was added and the decrease in absorbance was monitored. After
6.5 min, the protonophore gramicidin was added to a final con-
centration of 2 wM. Passive proton movement through membrane
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Fig. 1. Effect of inorganic nitrogen sources and K* levels on K* uptake and transport
efficiencies of sorghum plants. Plants were grown for 15d in complete nutrient
solutions containing 0.2mM or 1.4mM K* and three inorganic nitrogen sources,
NOs5~ (white bars), NO3~/NH4* (light gray bars) or NH4* (dark gray bars). Values
represent the mean + SE for five independent measurements. Data were subjected to
one-way ANOVA and compared using Tukey’s test (P < 0.05). Significant differences
due to nitrogen sources tested, at the same K* concentration, are indicated with
different lowercase letters.

vesicles was determined in reaction medium without ATP (Klobus
and Janicka-Russak, 2004).

SDS-PAGE and protein gel blot analyses

20 p.g of membrane proteins were precipitated with 10% cold
trichloroacetic acid and washed in cold acetone as described
by Lefevbre et al. (2007). Samples were solubilised in standard
sample buffer containing 7M urea and 2M thiourea and sep-
arated by SDS-PAGE (10% acrylamide) according to Laemmli
(1970). Polypeptides were electrophoretically transferred to a
nitrocellulose membrane (Hybond-C Extra, Amersham) using a
semidry blotting system. Transfer buffer contained 25mM Tris,
192mM glycine and 20% (v/v) methanol. Electrophoretic trans-
fer was carried out at 10mV for 50 min. BSA (3%) in 20 mM
Tris-HCI, pH 7.5, 150mM NaCl and 0.05% (v/v) Tween 20 was
used as blocking reagent. The blot was incubated with a poly-
clonal antibody raised against the N-terminal (residues 6-51), the
central (residues 340-650) and the C-terminal (residues 851-949)
domains of Arabidopsis thaliana PM H*-ATPase (AHA3), diluted
1:2000 in 20mM Tris-HCl, pH 7.5, 150mM NaCl, 1% BSA and
0.05% (v/v) Tween 20. The incubation system was gently shaken
overnight at 4°C. After rinsing three times in 20mM Tris-HCI,
pH 7.5, 150mM NaCl and 0.05% (v/v) Tween 20, the blot was
incubated at room temperature for 1 h with a 1:3000 dilution of
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Fig. 2. Effect of K* starvation and inorganic nitrogen sources on K* content of sorghum shoot (A and C) and roots (B and D). K* content was determined using plants grown
for 15d (to) in complete nutrient solutions containing 0.2 mM (A and B) or 1.4 mM (C and D) K* and three inorganic nitrogen sources, NO3~ (white bars), NO3~/NH4* (light
gray bars) or NHs* (dark gray bars), and starved of K* for 24 (t;), 48 (t;) and 72 (t3) h. Values represent the mean + SE of five independent measurements. Data were subjected
to one-way ANOVA and compared using Tukey's test (P <0.05). Significant differences due to the nitrogen source tested, at the same starvation time, are indicated with
different capital letters. Significant differences due to K* deficiency, at the same level of K* and nitrogen source, are indicated with different lowercase letters.

secondary antibody (alkaline phosphatase-conjugated anti-rabbit
IgG, Sigma). For the development of alkaline phosphatase reac-
tion, a standard 5-bromo-4-chloro-3-indolyl-phosphate/nitro blue
tetrazolium (BCIP/NBT) protocol (Bio-Rad, Hercules, CA, USA) was
used.

Results

Effect of NHy* and K* concentration on K* uptake and transport
efficiencies

The long-term effects of K* levels and inorganic nitrogen sources
in the growth solution on K* absorption and transport to the shoot
were studied in sorghum plants. At ty, the presence of NH4* as
the sole nitrogen source severely affected K* uptake efficiency
by sorghum roots grown in nutrient solution containing K* at
0.2mM, compared to those grown in solutions containing NO3~
and NO3~/NH4* (Fig. 1A). Increasing the external K* concentration
to 1.4 mM lessened the severity of the inhibitory effect of NHs* on
K* uptake (Fig. 1A). The capacity to translocate K* to the shoot was
not significantly affected by NH4* in nutrient solution (Fig. 1B).

Effect of NH,* and K* starvation on K* tissue content

At tg, sorghum plants grown in the presence of K* at 0.2 mM
and NH4* as the sole nitrogen source accumulated less K* in shoot
and roots than those cultivated with NO3~ and NO3~/NH4"* (Fig. 2A
and B). When the K* level in the growth solution was increased
(1.4mM), the root K* content did not differ between treatments
with different nitrogen sources (tg, Fig. 2D), while the shoot K*

content remained lower in plants grown with NH4* compared with
plants grown with NO3™, as the sole nitrogen source (tq, Fig. 2C).
Transfers of plants to K*-free solutions resulted in obvious
reductions in root and shoot K* contents (Fig. 2). At t; and t,, the K*
content of the aerial parts of plants grown in the presence of NH4*
and previously cultivated in 1.4 mM K* was significantly lower than
in plants grown with NO3~ (Fig. 2C), while this effect was only
observed at t; in plants previously cultivated in 0.2 mM K* (Fig. 2A).
At t3, the K* content of shoots did not differ between treatments
with different inorganic nitrogen sources (Fig. 2A and C). On the
other hand, root K* content of plants grown in nutrient solutions
containing 0.2 mM K* and three inorganic nitrogen sources reached
similar values at t; and t, while at t3 the K* content was lower in
plants grown with only NH4* (Fig. 2B). In plants grown in higher
levels of K*, the K* contents were similar at t, and t3 (Fig. 2D).

Effect of NH,* and K* starvation on the low-K* net uptake by
sorghum roots

Plotting the external K* concentration in the uptake solution vs.
time showed that the rates of K* net depletion increased with the
time of K* starvation (Figs. 3 and 4). At tg, plants grown in nutrient
solutions containing 1.4 mM K* did not show a K* net depletion
(Fig. 4A), while those cultivated in solutions supplied with 0.2 mM
K* depleted approximately 10% of the initial level of K* (100 M)
(Fig. 3A). Plants starved of K* for 24 (t;) and 48 (t;) h and grown
in the presence of NH4* (NO3~/NH4* and NH4*) exhibited higher
capacities to deplete micromolar concentrations of external K* than
plants grown with NO3~ as the sole nutrient source. This response
was independent of the K* concentration in which plants were
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Fig. 3. Effect of inorganic nitrogen sources and K* starvation on rates of external K* depletion by sorghum roots. Depletion curves were determined using plants grown for
15d (A) in complete nutrient solutions containing 0.2 mM K* and three inorganic nitrogen sources, NO3~ (circles), NO3~/NH4* (triangles) or NH4* (squares), and starved of
K* for 24 (B), 48 (C) and 72 (D) h. After K* desorption, plants were transferred to a solution containing K* at 100 wM. External solution aliquots were taken at 30 min intervals
and the concentration of K* was determined. Each curve was drawn with data obtained from six plants. K* concentration at each sampling time represents the mean =+ SE.
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Fig. 4. Effect of inorganic nitrogen sources and K* starvation on rates of external K* depletion by sorghum roots. Depletion curves were determined using plants grown for
15d (A) in complete nutrient solutions containing 1.4 mM K* and three inorganic nitrogen sources, NO3 ~ (circles), NO;~/NH4* (triangles) or NH4* (squares), and starved of
K* for 24 (B), 48 (C) and 72 (D) h. After K* desorption, plants were transferred to a solution containing K* at 100 M. External solution aliquots were taken at 30 min intervals
and the concentration of K* was determined. Each curve was drawn with data obtained from six plants. K* concentration at each sampling time represents the mean = SE.
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Table 1

Effect of K* starvation and external nitrogen sources on the initial rate of low-K* net uptake (100 wM) by sorghum roots. Initial rates were determined using plants grown

J.C. Alvarez-Pizarro et al. / Journal of Plant Physiology 168 (2011) 1617-1626

for 15d (to) in complete nutrient solutions containing 0.2 mM or 1.4 mM K* and three inorganic nitrogen sources, and starved of K* for 24 (t;), 48 (t;) e 72 (t3) h.

K* (mM) Time of K* starvation Initial rate (pmol K* min~! g1 DWoor)
N037 Nng/NH‘( NH4*

0.2 to -1.01 + 1.28 Ab —-2.28 + 1.19 Ac —4.66 + 0.99 Ac
t 3.02 + 1.35Bb —3.52 + 0.63 Ac —4.79 + 1.94 Ac
ty —7.96 + 1.32Ba -9.33 + 0.73 ABb —11.35 + 0.74 Ab
t3 —10.50 + 1.70Ba —13.42 + 0.88 Ba —17.56 + 0.98 Aa

14 to 11.74 + 1.14 Ac 11.09 + 2.80 Ab 7.46 £+ 4.01 Ac
t 3.81 £ 3.42 Bb —-493 + 1.43 Aa 0.16 + 1.38 ABb
ty 3.30 + 3.06 Bb —1.13 + 0.77 ABa —-4.73 + 1.89 Aab
t3 —6.02 + 0.94 Aa —6.47 + 0.90 Aa —7.05 + 0.74 Aa

Values represent the mean + SE of six independent measurements. Data were subjected to one-way ANOVA and compared using Tukey’s test (P < 0.05). Significant differences
due to the nitrogen source tested, at the same starvation time, are indicated with different capital letters. Significant differences due to K* deficiency, at the same level of K*

and nitrogen source, are indicated with different lowercase letters.

grown. For instance, at t;, sorghum roots grown in the presence
of NH4* and NO3~/NH4* and cultivated previously with 0.2 mM K*
reduced the external K* to about 69% and 55% of the initial levels,
respectively, while roots grown with NO3~ reduced external K* to
around 42% (Fig. 3C). Similar results were also obtained with plants
grown in solutions containing 1.4 mM K* (Fig. 4C). At the end of
the K* uptake experiment (5.5 h), a slight increase in the pH of the
depletion solution was observed only in assays with plants grown
with NO3™ as the sole nitrogen source (Supplementary Data). How-
ever, values reached were within the optimum pH range of nutrient
uptake. No significant change in the pH of the depletion solution
was observed in the assays with plants grown with NO3~/NH4* or
NH4* (Supplementary Data).

At tg and at both K* concentrations, no significant differences
were observed in the initial rates of low-K* uptake regardless of
the nitrogen sources used (Table 1). However, as the time of K*
starvation increased, the initial rates of K* uptake were higher in the
roots of plants grown with NH4* or NO3~/NH,4* than plants grown
with NO5~ as the sole nitrogen source. This was clearly evident in
the sorghum plants grown in nutrient solutions containing a low
K* level (0.2 mM) and subjected to three periods of K* starvation
(Table 1). For instance, the initial rate of low-K* uptake in plants
grown with NH;* alone was 42.6% and 67.2% higher than those
grown with NO3~ alone at t; and t3, respectively. In contrast, plants
grown in nutrient solutions containing a high-K* level (1.4 mM) and
grown with NH4* showed higher initial rates of low-K* uptake at t5,
compared with plants grown with NO3 ™ as the sole nitrogen source
(Table 1). The initial rates of low-K* uptake tended to converge
toward a steady value at t; of K* starvation (Table 1).

Activities and immunoblotting of PM H*-ATPase

The basal ATPase activity of membrane fractions from sorghum
roots isolated by aqueous polymer two-phase partitioning was not
affected by the addition of azide and nitrate but was strongly sensi-
tive to 0.5 mM vanadate, indicating the high purity of preparations
with plasmalemma (Table 2). However, a slight inhibition in the

Table 2

Marker enzyme activities in plasma membrane preparations from sorghum roots
isolated by aqueous polymer two-phase partitioning. Values are expressed as a
percentage of the total ATPase activity measured in absence of inhibitors.

Inhibitor Reduction of total

ATPase activity
Molybdate (0.1 mM, pH 6.5) 9.8%

Enzymatic marker

Unspecific acid

phosphatase
P-H*-ATPase Vanadate (0.5 mM, pH 6.5) 85.7%
V-H*-ATPase Nitrate (50 mM, pH 7.5) Not inhibited
FoF1-ATPsynthase Azide (1 mM, pH 7.5) Not inhibited

total ATPase activity by molybdate was observed, indicating the
presence of unspecific acid phosphatases (Table 2).

K* starvation did not stimulate the ATP hydrolysis activity of PM
H*-ATPase in sorghum roots grown in the three different nitrogen
sources tested (Fig. 5). Moreover, the effect of the nitrogen source
during K* starvation was observed only in the roots of plants grown
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Fig.5. Effectofinorganicnitrogen sourcesandK* starvation on ATP hydrolytic activ-
ity of plasma membrane H*-ATPase from sorghum roots. Membrane vesicles were
isolated from plants grown for 15d (tp) in complete nutrient solutions containing
0.2mM (A) or 1.4mM (B) K* and three inorganic nitrogen sources, NO;~ (white
bars), NO3~/NH,4* (light gray bars) or NH4* (dark gray bars), and starved of K* for 48
(t2) h. Values represent the mean =+ SE of three independent experiments. Data were
subjected to one-way ANOVA and compared using Tukey’s test (P <0.05). Signifi-
cant differences due to the nitrogen source tested, at the same starvation time, are
indicated with different capital letters. Significant differences due to K* deficiency,
at the same level of K* and nitrogen source, are indicated with different lowercase
letters.
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2 min

AA492 = 0.02

B

Fig. 6. Effect of inorganic nitrogen sources and K* starvation on H* pumping activity of plasma membrane H*-ATPase from sorghum roots. Membrane vesicles were isolated
from plants grown for 15d in complete nutrient solutions containing 0.2 mM (A) or 1.4 mM (C) K* and three inorganic nitrogen sources, NO3~ (=), NO3~/NH4* (--) or NH4*
(---), and starved of K* for 48 h (B, plants previously grown with 0.2 mM K* and D, with 1.4 mM K*). The reaction was started by adding of 5 mM ATP. The H* gradient was
dissipated by addition of 2 wM gramicidin (G). Traces represent the quenching of AO absorbance and were obtained from averaged data from three independent experiments.

in solutions containing 0.2 mM K* and exposed to K* deficiency
for 48 h (Fig. 5A). The presence of NH4* in the nutrient solution
significantly stimulated ATP hydrolysis.

Two parameters, initial rate and pH gradient, were used to char-
acterise H* pumping by PM H*-ATPase. At tg, the nitrogen source
had no significant effect on the initial rate of H* pumping in plants
grown in high K*, but it was significantly higher in plants grown
with NO3~/NH4* than in those grown with NO3~ in plants grown
at low K* (Fig. 6 and Table 3). Under K* starvation (t;) and in the
presence of NO3~ as the sole nitrogen source, no change in ini-

Table 3

tial rate of H* pumping was observed, whereas it was increased
by the presence of NH4* in plants from solutions with 0.2 and
1.4mM K* (Fig. 6 and Table 3). On the other hand, the net pro-
ton transport across the PM (pH gradient) was steeper in plants
grown in the presence of NH4* than in those grown in nutri-
ent solutions containing NO3~ as the sole nitrogen source at ty
(Fig. 6 and Table 3). After 48 h of K* starvation (t;), the H* trans-
port was increased twofold in plants grown in solutions containing
1.4mM K* and NH4*, compared to the values at t; (Fig. 6 and
Table 3).

Effect of K* starvation and external nitrogen sources on active H" transport catalyzed by plasma membrane H*-ATPase from sorghum roots. Initial rates and H* gradient
formation were determined using plants grown for 15 d (tp) in complete nutrient solutions containing 0.2 mM or 1.4 mM K* and three inorganic nitrogen sources, and starved

of K* for 48 (t;) h.

H* gradient (AAs9> mg~' min~')

NH4*

N03 -

NO;~ /NH,4*

NH,4*

K* (mM) Time of K* starvation Initial rate (AAsg, min~1)
N037 NOg’/NH4+
0.2 to 0.004 + 0.001 Ba 0.011 + 0.001 Ab
t 0.006 + 0.001 Ca 0.016 + 0.000 Ba
14 to 0.013 £ 0.000 Aa 0.014 + 0.001 Ab
t 0.014 + 0.000 Ca 0.027 + 0.000 Aa

0.008 + 0.001 ABb
0.019 £ 0.001 Aa

0.012 £ 0.001 Ab
0.023 + 0.000 Ba

0.049 + 0.002 Ca
0.044 + 0.001 Ba

0.061 + 0.005 Ba
0.072 + 0.001 Ba

0.079 + 0.003 Aa
0.095 + 0.002 Aa

0.083 + 0.005 Ab
0.144 + 0.004 Aa

0.066 + 0.001 Ba
0.089 + 0.008 Aa

0.079 + 0.004 Ab
0.136 + 0.002 Aa

Values represent the mean =+ SE of three independent experiments. Data were subjected to one-way ANOVA and compared using Tukey’s test (P < 0.05). Significant differences
due to the nitrogen source tested, at the same starvation time, are indicated with different capital letters. Significant differences due to K* deficiency, at the same level of K*

and nitrogen source, are indicated with different lowercase letters.
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Fig. 7. Immunoblot of PM H*-ATPase from sorghum roots. Membrane vesicles were
isolated from plants grown for 15d (tp) in complete nutrient solutions containing
0.2mM (A) or 1.4mM (B) K* and three inorganic nitrogen sources, and starved of K*
for 48 (t2) h. The blots were probed with antibodies against AHA3 (a PM H*-ATPase
isoform of Arabidopsis thaliana), which was a gift from Dr. R. Serrano.

Protein blots obtained with membrane preparations from
sorghum roots grown in nutrient solutions containing 1.4 mM K*
(tp) or under K* deficiency for 48h (t;) showed that polyclonal
antibody specific against PM H*-ATPase crossreacted with a single
band of about 100 kDa (Fig. 7B). The H"-ATPase content was slightly
increased in plants grown with NO3;~ as the only nitrogen source
after starved of K* for 48 h (Fig. 7B). However, the band of PM H*-
ATPase from plants grown in the presence of NH4* and starved of K*
was more intense than that from plants grown in complete nutrient
solution and with the same nitrogen source. Interestingly, the poly-
clonal antibodies against Arabidopsis thaliana PM H*-ATPase used
in this work produced two bands of similar intensity for membrane
preparations from roots grown in nutrient solutions containing
0.2 mM K* or starved of K* for 48 h (t,), irrespective of the nitrogen
source (Fig. 7A).

Discussion

The growth of sorghum plants in nutrient solutions contain-
ing different K* concentrations and inorganic nitrogen sources
revealed differences in the capacity of the root system to take up
micromolar K* concentrations. In comparison to NO3~, the pres-
ence of NH4* in the growth solution stimulated high rates of K*
depletion by the sorghum roots that were K* starved (Figs. 3 and 4).
The sensitivity to external NH4* of low-concentration K* influx is
one of the more conspicuous effects of NH4* toxicity in plants (Vale
et al,, 1987; Martinez-Cordero et al., 2005; Nieves-Cordones et al.,
2007; Santa-Maria et al., 2000; Szczerba et al., 2008). However, the
stimulation of K* depletion by the presence of NH4* during plant
growth has also been documented (Nieves-Cordones et al., 2008).
In this work, the different chemical forms of inorganic nitrogen
did not produce any significant effects on root growth (data not
shown) or plant health at tg and during K* starvation that could
have influenced measurements of K* uptake. Moreover, no impor-
tant alteration was observed in the pH of the depletion solutions
(Supplementary Data), and the K* concentrations and pH in the
growth solutions were strictly maintained at the established values.
Thus, the observed differences in K* depletion capacity by sorghum
roots can be attributed to influence of nitrogen source at the root
ambient and K* tissue level.

Our results show that the high capacity of low-K* depletion
by sorghum roots grown with NH4* and starved of K* (at tp,
Figs. 3 and 4) occurred in parallel with the induction of H* extrusion
by the PM H*-ATPase (Fig. 6). The increased activity of this enzyme
may be an important response under growth conditions that alter
K* homeostasis in plants, because the establishment of more nega-
tive PM potentials and steeper H* gradients constitutes the driving
force to move K* into plant cells (Maathuis and Sanders, 1996;
Rodriguez-Navarro, 2000), as well as modulating factor of the activ-
ities of some cytoplasmic components for sensing and signalling
K*-deficiency (Wang and Wu, 2010). Recently, the role of nega-
tive PM potentials in the regulation of LeHAK5 transcript levels and
plants’ capacity to deplete external K* in NH4*-grown tomato roots
has been proposed (Nieves-Cordones et al., 2008). In studies with
HvHAKT1-expressing yeast cells, the effect of membrane hyperpolar-
isation on changes in Rb* influx has also been suggested (Fulgenzi
et al., 2008). In this study, the increase of H*-ATPase activity in
sorghum roots by high NH4* concentrations may have resulted in
PM hyperpolarisation of root cells, favouring high rates of K* net
uptake. It is well known that in the presence of NH,4*, voltage-
dependent AKT K* channels provide a pathway for high-affinity
K* uptake, which may sustain plant growth and development in
low K* environments (Hirsch et al., 1998; Rubio et al., 2008, 2010).
If the high rates of K* net uptake in NH4*-treated sorghum plants
are mediated through K* channels, the concomitant increase in PM
H*-ATPase activity becomes essential. It has been suggested that
the contribution of AtAKT1 channels to mediate K* uptake above
its concentrative capacity in NH4*-treated Arabidopsis roots proba-
bly depends on the development of negative membrane potentials
(Rubio et al., 2008). Thus, the findings described in this work lend
support to the essential role of PM H*-ATPase in the acquisition of
low-concentration of K* in the presence of NH4*. However, the dis-
crepancy observed between the increased activity of H* transport
(ty, Fig. 6 and Table 3) and a significant induction of K* uptake (t3,
Table 1) in the NO3~/NH4*-treated plants also suggests the partic-
ipation of other regulatory mechanisms that could act directly on
the K* transport system, which could be activated when NH4* is
the only nitrogen source in the external medium.

Notably, although the K* root content has been considered to act
as a regulatory factor of the rate of high-affinity K* uptake (Glass,
1975; Vale et al., 1987), the results of this study seem to indicate
that the level of control of K* uptake in K*-starved sorghum plants
exposed to different sources of inorganic nitrogen might have been
exerted by the K* shoot content (t;, Fig. 2). Previous studies have
shown that the quantity of K* re-translocated from the shoot to
the root via the phloem may convey the shoot demand for K* and,
in turn, influence the uptake rates of K* (Drew et al., 1990; White,
1997). In agreement with this hypothesis, the greater decrease in
the shoot K* content of plants grown with NH4* than that of plants
grown with NO3~ (ty, Fig. 2A and C) suggests that a positive feed-
back mechanism, based on K* recirculation, could be a primary
signal increasing the K* net uptake in sorghum plants grown with
NH4* (Table 1, Figs. 3 and 4). Low-K* stress signalling pathways
involving shoot K* concentration, as well as metabolic signals orig-
inating from the breakdown of cellular homeostasis has also been
observed in other species (Véry and Sentenac, 2003; Martinez-
Cordero et al., 2005; Amtmann et al., 2006). It is also remarkable
that despite the reduction in the K* accumulation in the tissues
of sorghum plants grown with NH4* (Fig. 2), its relative distribu-
tion (K* transport efficiency) within the plant was not significantly
affected (Fig. 1B). In contrast, seedlings of barley and rice grown
under high levels of NH4* and low-K* conditions showed significant
decreases in the translocation rate of K* to the shoots (Santa-Maria
et al., 2000; Szczerba et al., 2008). The possible effect of NH;* on
SKOR K* transporters that mediate the root-to-shoot K* transloca-
tion has also been suggested (Szczerba et al., 2008). Interestingly,
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experiments with tobacco plants fed with NH4* showed that the
amount of xylem-transported K* was similar to that of NO3~- and
NO3~/NH4*-fed plants and that it was mainly the result of massive
export from the leaves and cycling of the K* in the phloem (Lu et al.,
2005). Likely, the transport mechanisms involved in xylem loading
may have been activated to enable a more efficient K* translocation
from the root to shoot in sorghum plants under NH4* nutrition.

Long-term exposure to different concentrations of K*, 0.2 mM
(high-affinity range) and 1.4mM (low-affinity range), induced
qualitative changes in the PM H*-ATPase expression pattern (Fig. 7).
The induction of two isoforms in plants grown at low levels of K*
can be interpreted as a response to nutritional deficit for the pur-
pose of increasing uptake capacity in K*-poor soil. Interestingly,
these isoforms were induced irrespective of the inorganic nitro-
gen source and were not affected by K* deficiency (Fig. 7A, to and
ty). The correlation between the induction of specific H*-pump iso-
forms and nutritional deficiency has previously been established
in maize (Santi et al., 2003) and rice (Chang et al., 2009). On the
other hand, the sole isoform detected in PM from roots grown at K*
1.4 mM was induced by K* starvation (Fig. 7B, tg and t,). Contrary
to the results presented here, other studies have shown no change
in the amount of PM H*-ATPase of roots after they were subjected
to K* withdrawal (Samuels et al., 1992).

These data reveal a close link between the induction of
PM H*-ATPase and higher low-K* uptake rates by K*-starved
sorghum roots under NH4* nutrition. Under such growth condi-
tions, stimulation of this enzyme activity can lead to changes in
the electrochemical H* gradient across the PM and increase K*
transport via specific channels and carriers. The results could be
interpreted as an effective mechanism to regulate K* homeostasis
in plant tissue, which is impaired by the presence of NH4*.
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