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Abstract 
Hybrid millet Zhang and its parental cultivars were studied for their potassium (K) uptake and 
accumulation characteristics and related physiological mechanisms. Hydroponic culture was per-
formed with two K levels (i.e., high and low) set up. At high K level, hybrid millet showed hetero-
beltiosis in K accumulation and leaf K content, and it also had higher H+-ATPase activity, respira-
tion rate, root oxidant activity and root K+ influx rate than its parental cultivars. All these lay the 
physiological foundation of heterosis for potassium uptake of hybrid millet. At low K level, the hy-
brid millet had a lower H+-ATPase activity and a higher K efflux rate than its parental cultivars, 
thus heterobeltiosis in K accumulation or leaf K content was not observed. Therefore, high level K 
fertilizer application is recommended for hybrid millet cultivation as it is favorable for hybrid 
millet to display heterosis in K uptake and K accumulation. 
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1. Introduction 
Utilization of heterosis is one of the important ways to increase yields. It has been widely validated in rice, ma-
ize, sorghum and other crops. Grain yield is the product of dry matter accumulation and harvest index (HI). High 
dry matter accumulation has been demonstrated in F1 hybrids and deemed as a main cause of heterosis in grain 
yield [1]-[5]. High dry matter accumulation was associated with the increased photosynthetic capacity which 
was demonstrated in such as Arabidopsis hybrids [6], super-hybrid rice [7] [8], maize hybrids [9]. On the other 
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hand, High dry matter accumulation must be associated with high nutrient uptake through roots. Therefore, un-
derstanding the characteristics of nutrient uptake of hybrids is quite important. Previous studies about heterosis 
of nutrient uptake in hybrids have found that: 1) The nitrogen, phosphorous, and potassium accumulating capac-
ities of hybrids were greater than those of conventional cultivars [10] [11]; 2) Hybrids were more tolerant to nu-
trient deficiency [12] [13]. The above heterosis is believed to be due to changes in the morphological characters 
of roots or increase in physiological activities [14].  

Foxtail millet [Setaria italica (L.) P. Beauv.] was the second largest cultivated millet species in the world, and 
was the popular food for China and many African countries. Even so, little attention was given to the study on 
the heterosis of foxtail millet. The hybrid millet was bred until 2000 [15], and there are few papers on hybrid 
millet as it was bred successfully only recently [16] [17]. The nutrient uptake characteristics of hybrid millet 
remained largely unknown. Results of our field study displayed that hybrid millet has a higher K accumulation 
capacity than nitrogen and phosphorus accumulation capacity. Yet, related mechanism was not clear. In this pa-
per, physiological characteristics related to K uptake were investigated with hybrid millet Zhang 3 and its pa-
rental cultivars. The results from this study are expected to unveil physiological characteristics of K uptake and 
accumulation in hybrid millet and help agronomists to establish suitable culture practices for hybrid millet. 

2. Materials and Methods 
2.1. Materials 
Hybrid millet Zhang 3 and its parental cultivars provided by the Zhangjiakou Academy of Agriculture Science 
were used as plant materials. Experiments were carried out in the Laboratory of Plant Physiology and Molecular 
Biology, Institute of Genetics and Physiology, Hebei Academy of Agriculture and Forestry Sciences, in 2012. 

2.2. Seedling Culture 
Plump seeds of similar sizes were selected and sown in vermiculite. When the seedlings grew to 3 cm high, they 
were taken out, fixed in cystosepiments with holes, and transferred to conical flasks containing 300 ml of Hoag-
land nutrient solution (2.5 mM Ca(NO3)2, 1 mM MgSO4, 0.5 mM NH4H2PO4, 0.2 μM CuSO4, 1 μM ZnSO4, 0.1 
mM EDTA Fe-Na, 20 μM H3BO3, 5 × 10−6 mM (NH4)6Mo7O24, 1 × 10−3 mM MnSO4, 2.5 mM KCl, pH 6.3 - 6.5 
(adjusted with 1 M NaOH)). The flasks were wrapped with black plastic paper and put in a growth chamber. 
After two weeks, the seedlings were subjected to one of the two K level treatments: one was K-stress treatment 
with 0.02 mmol∙L−1 KCl in the Hoagland solution, and the other was a high K level treatment with 2.5 mmol∙L−1 
KCl. To keep nutrient levels, solutions were refreshed every 3 days. The plants were grown in the growth 
chamber under fluorescent lights with 400 µmol∙m−2∙s−1 of light for 14 h∙d−1. Daytime temperature was 26˚C, 
night-time temperature was 24˚C, and relative humidity was approximately 70%. After three weeks, leaves, 
stems and roots were harvested and K content, H+-ATPase activity, root vigour, respiration rate, and root K+ flux 
were determined. 

2.3. Measured Parameters and Methods 
2.3.1. Leaf K Content and Plant K Accumulation 
Potassium content: potassium in the leaves was extracted with 1 mol∙L−1 HCl and measured with a flame spec-
trophotometer [18]. 

Total K in shoots leaf K content leaf biomass stem K content stem biomass= × + ×  

2.3.2. H+-ATPase Activity 
Plasma membrane (PM) vesicles were isolated from root microsomes using phase partitioning as described by 
Larsson [19] and modified by K1obus [20]. The hydrolytic activity of vanadate-sensitive ATPase was deter-
mined according to the modified procedure of Gallagher and Leonard [21] [22]. The reaction mixture contained 
50 µg of protein (plasma membrane), 33 mM Tris-Mes (pH 7.5), 3 mM ATP, 2.5 mM MgSO4, 50 mM KCl, 1 
mM NaN3, 0.1 mM Na2MoO4, 50 mM NaNO3, ±200 µM Na3VO4, and 0.02% Triton X-100. PM H+-ATPase ac-
tivity was expressed as the difference of that measured in the absence and in the presence of Na3VO4. The Pi re-
leased during the reaction was determined according to Ames [23] with 0.2% (w/v) sodium dodecyl sulphate in-
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cluded to prevent precipitation [24]. Protein was measured according to Bradford [25] in the presence of 0.02% 
Triton X-100 with bovine serum albumin as the standard. 

2.3.3. Root Activity 
Intact root activity (unit: µg∙g−1∙DW∙h−1) was measured by the α-naphthylamine oxidation method [26]. 

2.3.4. Root Respiration Rate 
Root respiration rate was measured as described by Zhao et al. [27]. Rinse the reactor with distilled water for 
three times and add in 2 mL distilled water. Rinse the stirrer and put it into the reactor. Take the roots out from 
the buffer solution, rinse for 2 - 3 times, dry with absorbent papers, quickly weigh about 0.05 g, cut the roots in-
to 2 mm-long fragments, and put them into the reactor. Stamp the reactor, deaerate and start the measuring pro-
gram. The temperature of the solution in the reactor was controlled at 25˚C using a thermostatic bath. Stop the 
reaction after the reaction curve has arrived at a steady state for 10 min and choose a desired length from the 
curve for respiration rate calculation. 

2.3.5. Root K+ Flux 
Seedlings were taken from the nutrient solution to 0.2 mM CaSO4 solution for 24 h of K starvation. Roots were 
excised at 5 cm from the root tips and transferred to measuring solutions (0.1 mM CaCl2, 0.1 mM MgCl2, 0.3 
mM MES, pH 6.0) with high K level (2.5 mM KCl) or low K level (0.02 mM KCl). After 20 min for equili-
brium, the roots were then transferred to a small plastic dish (3 cm in diameter) containing 2 - 3 mL of fresh 
measuring solution in the measuring chamber and fixed for measurement. The microelectrode was vibrated in 
the measuring solution between two positions, 5 µm and 35 µm from the root surface, respectively along an axis 
perpendicular to the root. Prior to flux measurements, the ion-selective electrodes were calibrated using KCl so-
lutions with concentrations of 0.01 and 5 mM. The net fluxes of K+ at the meristematic zone were measured. 
Five to seven roots were taken from each treatment, and each root was measured once. All measurements of net 
K+ fluxes were carried out at Xuyue Science and Technology Co., Ltd. (Beijing, China). The principle of this 
method and the instrument used are detailed in Sun et al. [28].  

2.3.6. Kinetics of Root K Uptake 
The ion depletion technique was employed in the root K uptake kinetics experiment. After cultured in Hoagland 
nutrient solution with 2.5 mM K for 5 weeks, seedlings of similar sizes were selected from each cultivar and put 
in starvation solutions (0.2 mmol∙L−1 CaSO4) for 24 h. The roots were washed with 0.2 mmol∙L−1 CaSO4 for 3 
times, dried and cultured in 100 mL bathing solution which contained 0.244 mmol∙L−1 KCl and 0.2 mmol∙L−1 
CaSO4. Samples were taken every one hour until K+ concentration in the bathing solution stabilized. For each 
sampling, 1 mL solution was taken, and 1 mL solution of the same concentration was added for compensation 
[29]. When the experiment ended, the roots were cut, their fresh weights were obtained. The depletion experi-
ment was carried out in triplicate. The kinetic parameters were obtained using the model described by Jiang et al. 
[30]: 2Y a bx cx= + + , where x is the uptake time and Y is K+ concentration at a certain time. Then kinetic pa-
rameters Km, Cmin and Vmax can be calculated using the following equations: 

( ) ( )maxV volume of bathing solution mL root fresh weight gb= × ÷ , ( )2
mK 3 16a b c= − , and 

( )2
minC 4a b c= − , where the absolute values of a, b, and c are used, Km is the affinity constant of roots for ions, 

Cmin is the minimum critical concentration or the external K+ concentration at zero net K+ uptake, and Vmax is the 
maximum K+ uptake rate. 

2.4. Statistics 
Microsoft excel 2003 was used for data processing and figure generating. Analysis of variance was done using 
the SPSS software package. 

3. Results  
3.1. K Accumulation, K Content and Shoot Biomass 
Hybrid millet accumulated significantly more K than its parental cultivars, showing heterobeltiosis at high K 
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level. Yet, no heterobeltiosis was observed at low K level as there was no significant difference in K accumula-
tion between hybrid millet and its parents. Moreover, both hybrid millet and its parental cultivars accumulated 
more K when grown at high K level than at low K level (Figure 1(a)). 

Similarly, leaf K content was significantly higher when hybrid millet was grown at high K level than at low K 
level, which was also found by previous studies with hydroponic culture [31] or soil culture [32]. Cultured at 
high K level, the leaf K content of hybrid millet was close to that of its mother cultivar but significantly higher 
than that of its father cultivar. At low K level, the leaf K content in hybrid millet was significantly lower than 
those in its parents (Figure 1(b)). 

Similar to K accumulation and leaf K content, hybrid millets showed high heterosis in shoot biomass at high 
K level. Similarly, heterosis in shoot biomass was depressed at low K level (Figure 1(c)). 

3.2. H+-ATPase Activity, Root Vigour and Respiration Rate  
H+-ATPase activity in root plasma membrane of hybrid millet was significantly higher than those of its parental 
cultivars at high K level, while at low K level, H+-ATPase activity in hybrid millet decreased markedly, in-
creased significantly in its mother cultivar and slightly in its father cultivar. This indicated that environmental K 
level can influence H+-ATPase activity in root plasma membrane, and how H+-ATPase activity changes is culti-
var-dependent. Root H+-ATPase activity in hybrid millet clearly showed heterobeltiosis under high K conditions 
and no heterobeltiosis under low K conditions, indicating that good nutrient conditions are advantageous in ac-
tivating H+-ATPase in hybrid millet (Figure 2(a)). 

The rate of α-naphthylamine oxidation, which is mediated by peroxidase [33] and correlates with respiration 
rate of the roots [34], was in the order of hybrid millet > mother cultivar > father cultivar for both K levels, and 
was significantly higher in the former than in the latter two. Therefore, hybrid millet showed high heterosis in 
root activity under both K level conditions (Figure 2(b)). 
 

 
(a) 

  
(b)                                                           (c) 

Figure 1. Plant K accumulation (a); leaf K content (b) and shoot biomass (c) in hybrid millet and its parental cultivars at 
high and low K level (Different letters on top of the columns denote significant difference at P < 0.05, applicable to the fol-
lowing figures).                                                                                         
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(a) 

  
(b)                                                           (c) 

Figure 2. Root plasma membrane H+-ATPase activity (a); root vigour (b) and respiration rate (c) in hybrid millet Zhang and 
its parental cultivars at high and low K level.                                                                  
 

It can be seen from Figure 2(c) that there was no significant difference in root respiration rate between hybrid 
millet Zhang and its parental cultivars at low K level, while root respiration rate in hybrid millet was signifi-
cantly higher than that in its father cultivar and was close to that in its mother cultivar at high K level. Root res-
piration rate in hybrid millet displayed heterobeltiosis only at high K level (Figure 2(c)). 

3.3. K+ Flux  
Root K+ flux rate was measured at the meristematic zone 600 µm above the root cap. The results revealed that 
under low K conditions, oscillating K+ efflux was observed in the hybrid millet and its parental cultivars. The 
efflux rate in the hybrid millet was about 75 pmol cm−2∙s−1, 4 and 2 times those of its mother and father cultivars, 
respectively. Differences in efflux rate between cultivars were significant (P < 0.05) (Figure 3(a)). At high K 
level, both influx and efflux of K were observed, but the mean value of efflux was higher than that of influx for 
the three cultivars. There were no significant differences in K efflux rate between hybrid millet and its parental 
cultivars, while the K influx rates of hybrid millet and its mother cultivar were significantly higher than that of 
its father cultivar (Figure 3(b)). 

3.4. Root K+ Uptake Kinetics 
As shown in Table 1, there were differences in K+ uptake kinetics between hybrid millet and its parental culti- 
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(a)                                                           (b) 

Figure 3. Root K+ flux rate in hybrid millet and its parental cultivars at low (a) and high (b) K level.                      
 
Table 1. Root K uptake kinetic parameters for hybrid millet Zhang and its parental cultivars.                             

 Vmax 
(mg∙g−1 FW∙h−1) 

Km 
(mg∙L−1) 

Cmin 
(mg∙L−1) 

F1 80.09 ± 5.29 a 1.60 ± 0.27 b 0.45 ± 0.33 c 

Female 67.95 ± 6.62 b 2.15 ± 0.42 b 2.21 ± 0.44 b 

Male 40.67 ± 4.90 c 3.77 ± 0.14 a 3.33 ± 0.19 a 

Note: Different letters in the same column denote significant (P < 0.05) differences between cultivars. 
 

vars. The hybrid millet had a significantly higher Vmax than its parental cultivars, i.e., 1.18 and 1.97 times that of 
its father and mother cultivars, respectively. The Km and Cmin for hybrid millet were significantly lower than 
those for its parental cultivars. It is generally believed that high Vmax, low Km, and Cmin denote an excellent po-
tassium uptake capacity at potassium deficiency. The kinetic parameters strongly confirmed that the roots of the 
hybrid millet had a high potential in high efficient K uptake. 

4. Discussion  
Previous studies have demonstrated that hybrids were more tolerant to mineral nutrient deficiency. The capacity 
of tolerance was mainly showed by high biomass or high nutrient accumulation in hybrids. High nutrient accu-
mulation must be accompanied by a capacity of nutrient acquisition when hybrids were grown in nutrient-poor 
soils [35]. However, the hybrid was always not like this case. There were reports that F1 hybrids just showed 
heterosis in dry matter accumulation, but their growth was very limited with low nutrient concentrations in tis-
sues [36] [37]. Even, Gouis [38] also founded that heterosis for yield and biomass was lower when the crops 
were grown without nitrogen. Thus, hybrids may require highly fertile soils or intensive fertilizer application 
when soil fertility is low. Similarly, Liu et al. also found that K demand of hybrid rice was about 1/5 higher than 
that of conventional rice [39]. In our study, leaf K content of hybrid millet was significantly lower than those of 
its parental cultivars, though shoot biomass of hybrid millet was higher than those of its parental cultivars when 
they were grown at low K level. In contrast, both leaf K content and plant K accumulation in hybrid millet 
grown in solution with high K displayed high heterosis. These suggest that hybrid millet can tolerant potassium 
deficiency, but sufficient K supply was rather favorable for heterosis in potassium uptake and accumulation. 

Though the expression of heterosis of mineral nutrient accumulation in hybrid millet was affected by envi-
ronments, it was firstly determined by their morphological and physiological characteristics. For example, the 
heterosis of phosphate acquisition in hybrid Arabidopsis thaliana was due to its long root hair trait inherited 
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from its mother and its long root trait inherited from its father [40]. Masahiko [41] argued that the high nutrient 
uptake of F1 rice hybrid was not dependent on its higher weight, but on its better physiological traits. In this 
study, the Vmax value was high and Km value was low for the hybrid millet, which was in accordance with root 
uptake kinetic features of high K uptake crops pointed out by Graham et al. [42]. These parameters indicated 
that the hybrid millet has a high K uptake capacity. Due to that the K uptake process was affected by physiolog-
ical activities, the manifest of K uptake depended on the growth vigour. In this study, the hybrid millet displayed 
higher growth vigor only when they were grown at high K+ level. The rate of α-naphthylamine oxidation and the 
respiration rate of roots were greater in hybrid millets than those in its parents. Respiration can produce energy 
for all life activities. This means that respiration can bring more ATP for H+-ATPase and then raise its activity in 
hybrid millet. H+-ATPase provides the driving force for secondary K+-transport carriers and/or channels [43]. As 
a result, the heterosis of K uptake, which was shown by high K content and accumulation in the hybrid millet, 
was achieved when they were grown at high K+ level. But, the rate of H+-ATPase activities and the respiration 
rate of roots were not great in hybrid millets compared with those in its parents at the low K level. Therefore, the 
heterosis of leaf K content and K accumulation were not observed. This suggested that the growth vigour of hy-
brid millet was repressed at low K level. The research from Ni [44] showed that the higher growth vigor in hy-
brids and allopolyploids were from the altered circadian rhythms. So, it was very worth thinking whether or not 
the circadian rhythms of the hybrids were regulated by the potassium in leaves. 

5. Conclusion 
In a word, high K supply can activate the growth vigour in hybrid millet, which is favorable for the heterosis in 
potassium accumulation to show. Therefore, high level of K fertilizer application is recommended for hybrid 
millet cultivation. 
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