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Abstract

We investigated the differences of K acquisition and utilization, morphological and physiological characteristics of 
roots and grain yield between Elymus dahuricus H+-PPase (EdVP1) transgenic wheat and wild type wheat under 
low K stress. The results showed that, the grain yield and K economic utilization index (KUI-E) in wild type wheat 
were only 61.14% and 50.20% of those in EdVP1 transgenic wheat. EdVP1 increased the free IAA accumulations 
in roots, which may play a key role in the development of root system. The total root length, total root surface area, 
root tips and total root volume in transgenic wheat were 2.26, 2.23, 2.34 and 2.00 times as high as those in wild type 
wheat, respectively. Excretion H+ and cation exchange capacity (CEC) of roots, which were enhanced in transgenic 
wheat, were positively correlated with K content.The exudate of organic acid intransgenic wheat was 2.22 times as 
high as that in wild type wheat, leading to the strong K activation of transgenic wheat. Therefore, we assume that 
well-developed rootsystem containing prosperous root morphology, high excretion H+ and CEC of roots and strong 
excretion ability of organic acids improved K acquisition and utilization efficiency in EdVP1 transgenic wheat.
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1. Introduction

Potassium  plays an important role in many 
physiological processes of plants, such as enzyme 
activation, protein synthesis and photosynthesis 
(Römheld and Kirkby, 2010). However, there are 
large numbers of K-deficient farmlands throughout 
the world. For example, 75% of the paddy soils in 
China are K deficient, as well as 67% of the wheat 
fields in Southern Australia. In addition, there are 

more and more reports showing that K deficiency 
exists because of the export of agricultural products 
and leaching of K (Rengel and Damon, 2008). In the 
past few decades, sustainable K management has been 
ignored to some extent (Basak and Biswas, 2009). 
There are large numbers of above ground crops taken 
away from fields for many other uses every year. For 
these dry matters respectively contain about 60, 75 
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and 14 million tons of potassium (K) nitrogen (N) 
and phosphorus (P), nutrition will be lost in soils by 
taking crops from fields. The supply and output of 
N and P are nearly in balance, whereas the supply of 
K is much lower (only 35% of output) (Smil, 1999). 
With the increase of nitrogen and phosphorus fertilizer 
inputs and intensive cropping, the lack of potassium 
has become the most factor limiting wheat yields (He 
et al., 2012; Niu et al., 2013; Rafique et al., 2012). 
K-fertilizers should be added to soil to compensate for 
the lack of potassium. The potassium consumption of 
China ranks second after USA and potassium ore is 
non-renewable resource (FAI, 2007). Wheat is a main 
grain crop, whose planting area, total output and total 
trade volume rank first in all types of crops.Therefore 
the wheat producers attach great importance to wheat 
improvement all around the world. As a result, it is 
particularly important to improve K use efficiency on 
increasing wheat production.

The processes of K uptake from soil and transportation 
in plants are mainly achieved by active transportation. 
H+-PPase is an H+ transport enzyme, which is different 
from H+-ATPase. In the vacuole membrane, H+-
PPase can link free energy with H+ transmembrane 
transportation produced by inorganic pyrophosphate 
(PPi) hydrolysis. Meanwhile, H+-PPase can build 
electrochemical gradient across the vacuolar 
membrane to provide the driving force for the 
secondary active transportation of various solutes 
(such as cation, anion, amino acid and carbohydrate) 
molecular transmembrane movement (Wu et al., 
2001). Obermeyer et al. (1996) found that H+-PPase 
also participate in K+ transportation to vacuoles. 
Arabidopsis H+-PPase AVP1 facilitates the auxin 
fluxes that regulate root growth (Li et al., 2005). 
The size of the root system, the physiology of uptake 
and the ability of plants to increase K solubility in 
the rhizosphere by exudation of organic compounds 
are considered as mechanisms of uptake efficiency 
(Steingrobe and Claassen, 2000; Steingrobe et al., 
2000; Rengel and Damon, 2008).  In recent years, H+-
PPase gene cloned from Arabidopsis and Hordeum 
vulgare have been proved to play an important role in 

improving the salt drougt tolerance of transgenic 
plants (Liu et al., 2005; Park et al., 2005). However, 
there is little research involving the function of Elymus 
dahuricus H+-PPase (EdVP1) in the transgenic plants.

Meanwhile, Elymus dahuricusbelongs to Elymus of 
Gramineae and has remarkable tolerance to various 
stresses. EdVP1 had high similarity with H+-PPases of 
other plant species including wheat and so on (minimal 
homology was 86%). As a result, EdVP1 may be 
used as an effective gene resource to improve wheat 
resistance to low K stress. However, the function and 
mechanism of EdVP1 in promoting wheat K uptake and 
tolerant ability under low K supply are still unclear. It 
is necessary to determine K utilization characteristics 
and some special hysiological processes involving in 
the K uptake of EdVP1 transgenic wheat. Accordingly, 
the objectives of this study were to: (1) evaluate 
whether EdVP1 can improve the wheat tolerance to 
low K stress; (2) figure out the mechanism of EdVP1 
in promoting wheat K uptake and tolerant ability under 
low K stress.

2. Materials and Methods

2.1. Plant materials

Wheat (Triticum aestivum L.) cultivars (cvs.) Yangmai 
12 was used to obtain transgenic lines. Elymus 
dahuricus H+-PPase EdVP1 gene was transferred by 
Agrobacterium tumefacience-mediated methods. The 
results of PCR showed that the EdVP1 transgenic 
wheatwas obtained. Six independent transgenic wheat 
lines (EV48, EV52, EV56, EV66, EV76 and EV88)
were used in this study. Wild type wheat (Yangmai 12) 
was used as control plant.

2.2. Soil	

Soil samples (0-20cm depth) used in root box and 
pot experiment are categorized as Ferrisols and 
Udic Argosols, respectively. Ferrisols were obtained 
from State Experimental Station of Yingtan Agro-
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Ecosystem, Jiangxi, China (116°55′E, 28°15′N). 
While Udic Argosols were obtained from Yangzhou, 
Jiangsu, China (32.42°N, 119.11°E). pH, organic 
matter content, available N, available P, exchangeable 
K, non-exchangeable K and total K of Ferrisols are 
4.83, 16.84 g kg-1, 14.73 mg kg-1, 27.94 mg kg-1, 87.14 
mg kg-1, 198.47 mg kg-1 and 9.76 g kg-1, respectively. 
pH, organic matter content, available N, available P, 
exchangeable K, non-exchangeable K and total K of 
Udic Argosols are 6.5, 8.64 g kg-1, 85.7 mg kg-1, 4.4 
mg kg-1, 67 mg kg-1, 489 mg kg-1 and 14.73 g kg-1, 
respectively. Soil samples were air-dried and passed 
through a 2-mm sieve.

2.3. Culture experiment

After the immersion of 0.9% NaClO3 for 24h under 
25 oC, the white seeds were washed by distilled 
water and then put into sterilized sands. When 
the seedlings grew to about 7 cm, we chose neat 
ones, washed them by distilled water, and then 
transferred them to the nutrient solution (pH 6.5) 
after removing endosperms. The concentration 
of K+ was 0.01mmol L-1 in the nutrient solution.
The nutrient solution was as follows (mmol L-1): 
Ca(NO3)2•4H2O 1.0×10-3, MgSO4•H2O 1.0×10-3, 
NaH2PO4 2.5×10-4, NH4NO3 1.0×10-3, CaCl2 1.5×10-3, 
Fe-EDTA 1.0×10-4, MnSO4•H2O 1.0×10-6, ZnSO4•7H2O 
1.0×10-6, CuSO4•5H2O 5.0×10-7, (NH4)6 Mo7O24•4H2O 
5.0×10-9, H3BO4 1.0×10-6, K2SO4 5.0×10-3. Volume of 
culture box was 35L. 50 seedlings were fixed in 
foam board by sponge in each box. Nutrient solution 
was ventilated 12h by pumps every day and replaced 
every three day. Each time, we used 0.1 mmol L-1 HCl 
or NaOH to make the pH value of the solution to 6.5. 
The entire experiment was carried out in a growth 
chamber with a day/night regime of 16/8 hours, 
temperature of 25/18 oC and relative humidity of 
70%. The photosynthetic active radiation during the 
daytime was 30000 lux. After 30 days, we selected 
the neat wheat to determine the plant nutrients, root 
parameters, free IAA of root, CEC and H+secretion of 
root. Each index was determined forthree times.

2.4. Root exudates collection and soil K activation test

Some neat wheat was chosen from the culture 
experiment after 30 days, and then put four seedlings 
to a brown bottle with 250 ml distilled water. Each 
treatmentwas replicated three times. The seedlings 
were fixed by sponge in the brown bottles. Every 24 
h, we collected the distilled water in the brown bottles 
and put 250 ml fresh distilled water into the brown 
bottles. The collections continued for 3 days.The entire 
experiment was carried out in a growth chamber with 
the same conditions as the culture experiment. 

The collections of the root exudates for three days 
were combined into a brown bottle. The collections of 
the root exudates were concentrated to 5 ml by rotary 
vacuum evaporator under 40 oC and the concentrated 
root exudates were storied in the freezer at -20 oC.The 
concentrated root exudates were used for the soil K 
activation test and the determination of organic acids 
content.

In soil K activation test, we put 3.75 g concentrated 
root exudates to 2.5 g soils. Soil samples were air-
dried and passed through a 2-mm nylon sieve. Each 
treatment was replicated three times. The entire 
experiment was carried out in a growth chamber with 
temperature of 25 oC and relative humidity of 70%. 
After 15 days, soil exchangeable K content of each 
treatment was determined.

2.5. Root box experiment

The root box of 20 cm in length, 12 cm in width and 
20 cm in height, was used in this experiment. There 
was an intermediate chamber of 2 cm width in each 
root box. Root box was made of two stage PVC plate. 
There was a nylon mesh with the pore size of 30 μm 
between each room in the root box. We put 5 kg soils 
with fertilizers into each root box. The fertilizers 
were asfollows: 5.455 g Ca (NO3)2•4H2O, 3.05g 
MgSO4•7H2O, 0.0365 g H3BO3, 0.057 g CuSO4•5H2O, 
0.2025 g MnCl2•4H2O, 0.0135 gNa2MoO4•2H2O, 
0.132 g ZnSO4•7H2O and 1.105 g Ca (H2PO4)2•H2O.
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After immersing in 0.9% NaClO3 for 24h under 25 
oC, the white wheat seeds were washed by distilled 
water and then put into sterilized sands. When the 
seedlings grew to about 7 cm, we choseneat ones, 
washed them by distilled water, and then transferred 
them to the root boxes after removing endosperms. 
Each box contained three seedlings and each treatment 
was replicated three times. The entire experiment 
was carried out in a growth chamber with the same 
conditions as the culture experiment. We irrigated 
the wheat with distilled water once every day. Soil 
moisture was controlled within 85% of the maximum 
field moisture capacity by weighing method. After 30 
days, we took out the wheat from soils carefully, shook 
off soils from roots and then mixed them with the soils 
in the intermediate chamber. The mixed soils were 
called rhizosphere soils. The content of exchangeable 
K and non-exchangeable K in rhizosphere soils were 
determined.

2.6.  Pot experiment

The pot used was a cylinder with diameter of 25 
cm and height of 35 cm. Root bag was a cylinder 
with diameter of 10 cm and height of 30 cm, which 
was made of 30 μm-nylon meshes.Each root bag 
was put in the middle of each pot. Each pot totally 
contained 19 kg soils with 3 kg soils in the root bag. 
The fertilizers used in each pot at the beginning 
of the experiment were as follows: 4.226 g urea, 
1.676 g Ca (H2PO4)2•H2O, 1.900 g CaCl2, 11.590 g 
MgSO4•7H2O, 0.139 g H3BO3, 0.217 g CuSO4•5H2O, 
0.770 g MnCl2•4H2O, 0.051 g Na2MoO4•2H2O and 
0.502 g ZnSO4•7H2O. 4.226 g urea was used at 
elongation and heading stage, respectively. Each root 
bag contained six neat seedlings and each treatment 
was replicated three times. The entire experiment 
was carried out in the same conditions as the root 
box experiment. When the wheat became mature, we 
shook off soils from roots and then mixed them with 
the soils in the root bag. The mixed soils were called 
rhizosphere soils. Grain yield and K content in each 
part of the plant were determined.

2.7. Chemical analysis and parameter calculation

Soil pH, organic matter content, available N, available 
P, exchangeable K and non-exchangeable K were 
determined by the methods as described by Lu (2000). 
K content in plant was determined by the method as 
described by Mills and Jones (1996), which involved 
digesting plant in a mixture of H2SO4 and H2O2. 
Potassium concentration in the digested solution 
was determined by a flame photometer. The plant K 
acquisition and utilization parameters were calculated 
as follows (Yang et al., 2010):

K biological utilization index 

(KUI-B)(g2 g-1) = dry weight per plant (g) / K 
concentration in shoots (g g-1)                                                              (1)

K economic utilization index 

(KUI-E) (g2 g-1) = grain yield per plant (g) / K 
concentration in shoots (g g-1)                                                              (2)

The whole roots were scanned by EPSON scanner and 
the root parameters were analyzed by WinRHIZO. 
Root CEC was determined using the method as 
described by Wu and Hendershot (2009):

Root CEC = C×V×100 / DRW                                (3)                              

where C represents the concentration of KOH used 
for titration, V represents the volume of KOH used 
for titration and DRW represents the root dry weight 
of plant used for experiment. The content of free IAA 
in roots was determined by enzyme-linked immune 
technology as described by Fallik et al. (1989). 
The organic acid contents in root exudates were 
determined by HPLC Agilent 1100 and DAD detector 
with wavelength of 210 nm. Root excretion H+ was 
determined using the method as described by Britto 
and Kronzucker (2008):

Root  excretion H+ (C×V1)/V2×DRW×T                                     (4)
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where C represents the concentration of NaOH used 
for titration, V1 represents the volume of NaOH used 
for titration, V2 represents the volume of absorption 

liquid used for titration, DRW represents the dry root 
weight of plant used for experiment and T represents 
the absorption time.

Table 1. K accumulated content (KA), K biological utilization index (KUI-B) and root to shoot ratio in wild type 
and EdVP1 transgenic wheat lines under low K stress (0.01mmol L-1 K). 

Results are means±SD, n=6. * and ** denote significant differences at p<0.05 and 0.01, respectively.

2.8.Statistical analysis

T-test was used to test the significance of the type 
differences and the least significant difference (LSD) 
was computed. For statistical analysis of data SPSS 
window version 17 (SPSS Inc., Chicago, USA) and 
Microsoft Excel (Microsoft Corporation, USA) were 
used. The relationshipsamongroot excretion H+, root 
CECand KA in wheat were computed by the OriginPro 
8.1 (Origin Inc., Chicago, USA).

3. Results

3.1. K acquisition and utilization in low-K solution

Under low-K condition, K accumulation (KA) and K 
biological utilization index (KUI-B) were significant 
different between EdVP1 transgenic wheat and wild 
type wheat (Table1). KA in plants refers to the total K 
absorption of unit plant. The KA in EdVP1 transgenic 
wheat was significantly higher than that in wild type 
wheat (p<0.01) (Table 1). The KA in wild type wheat

was only 50.45% of that in EdVP1 transgenic wheat. 
KUI-B refers to biomass yield produced by unit content 
of K in shoots (Equation 1). EdVP1 gene enhanced the 
KUI-B of wheat significantly (p<0.05) (Table1). The 
KUI-Bin wild type wheat was only 63.20% of that in 
EdVP1 transgenic wheat. Moreover, the root to shoot 
ratio was enhanced in EdVP1 transgenic wheat, which 
was 1.16 times as high as that in wild type wheat under 
low K stress (p <0.05) (Table 1). So the relatively 
developed root system may enable K absorption ability 
and utilization efficiency of wheat.

3.2.  Root responses to low K stress

Under low-K condition, the root morphology character 
and root free IAA content were different between 
EdVP1 transgenic wheat andwild type wheat (Table 
2). The total root length, total root surface area, root 
tips and total root volume of EdVP1 transgenic wheat 
were significantly higher than those of wild type wheat 
(p < 0.05). Nevertheless the average root diameter had 
no significant difference between EdVP1 transgenic 
wheat and wild type wheat (Table 2). Under low-K 
condition, the total root length, total root surface area, 
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root tips and total root volume in transgenic wheat were 
2.26, 2.23, 2.34 and 2.00 times as high as those in wild 
type wheat, respectively. EdVP1 gene significantly 
enhanced the root free IAA in transgenic wheat. The 
content of root free IAA in wild type wheat was only

57.36% of that in transgenic wheat. EdVP1 gene 
can enhance free IAA accumulations in root and 
improved the root development, especially the total 
root length, total root surface area, root tips and 
total root volume.

Table 2. Root free IAA content, total root length (RL), total root surface area (RA), root tips (RT), total root 
volume(RV) and average root diameter (RD)in wild type and EdVPI transgenic wheat lines under low K stress 
(0.01mmlol L-1 K)

Results are means±SD, n=6. * and ** denote significant differences at p<0.05 and 0.01, respectively.

H+ can be secreted by the plant root in the uptake of 
K. The amount of root excretion H+ can reflect the 
ability of absorbing potassium from the environment. 
The root excretion H+ was closely related to potassium 
absorption ability of wheat.Under low K stress, K 
accumulation of wheat had a significant positive 
correlation with root excretion H+ (r = 0.87**, Figure 
1(A)). The root excretion H+ of EdVP1 transgenic 
wheat was ranged from 0.94 to 1.10 with an average of 
1.01 mmol L-1 g-1 DRW h-1. While the root excretion 
H+ of wild type wheat was ranged from 0.83 to 0.90 
with an average of 0.87 mmol L-1 g-1 DRW h-1 (Figure 
1(A)). Thus EdVP1 gene can enhance root excretion 
H+ of wheat.

Root CEC has an important effect on the mineral 
nutrient elements uptake of plant. Under low K stress, 
K accumulation of wheat had a significant positive 
correlation with root CEC (r = 0.93**, Figure 1(B)). 
This showed that with the increase of root CEC, the K 
uptake of wheat will increase.  This result was similar

to the previous researches (Ozolina et al., 2010; Wu 
and Hendershot, 2009). The root CEC of EdVP1 
transgenic wheat ranged from 0.98 to 1.14 with an 
average of 1.10 me 100g-1. While the root CEC ofwild 
type wheat ranged from 0.71 to 0.74 with an average of 
0.72 me 100 g-1 (Figure 1(B)). Therefore, EdVP1 gene 
can enhance root CEC of wheat.

3.3. K  activation in rhizosphere

In the root box experiment, soil exchangeable K in 
rhizosphere had no significant difference between 
EdVP1 transgenic wheat and wild  type wheat, while 
soil non-exchangeable K in rhizosphere differed 
between the two genotypes on Ferrisols (p< 0.01) 
(Table 3).The results of pot experiment on Udic 
Argosols were quite similar with the above ones. 
In rhizosphere, soil non-exchangeable K in EdVP1 
transgenic wheat was only 64.54% and 78.71% of that 
in wild type wheat on Ferrisols and Udic Argosols, 
respectively.
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Figure 1: A) The relationship between K content in plants and root excretion H+ in wild type and EdVP1 transgenic 
wheat lines under low K stress; B) The relationship between K content in plants and root cation exchange capacityin 
wild type and EdVP1 transgenic wheat lines under low K stress (0.01mmol L-1 K ; RDW=root dry weight).
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This showed that the roots of EdVP1 transgenic wheat 
can effectively transform soil non-exchangeable K 
in rhizosphere to exchangeable K to meet the plant 
requirement on potassium.  Root exudates change 
the physical and chemical properties of soil through 
various means and then change soil mineral element 
form in rhizosphere (Xie et al., 2012). The soil K 
activation abilities between EdVP1 transgenic wheat 
and wild type wheat were significantly different on

Results are means±SD, n=6. * and ** denote significant differences at p< 0.05 and 0.01, respectively.

Table 3. Soil exchangeable K (Kexe), non-exchangeable K (Knon) in rhizosphere and soil K activation ability of root 
exudates (KAE) of wild type and EdVP1 transgenic wheat lines on Ferrisols and Udic Argosols.

both Ferrisols and Udic Argosols (p< 0.01). The 
leaching amount of soil exchangeable K in root 
exudates of EdVP1 transgenic wheat were 1.62 
and 2.09 times as high as those in wild type wheat 
on Ferrisols and Udic Argosols, respectively. The 
strong soil K activation ability of root exudates in 
EdVP1 transgenic wheat root exudates played an 
important role in its effective utilization of soil non-
exchangeable K.

Root exudates are the important markers of nutrition 
efficiency genotypes. Low molecular weight organic 
acids are an important ingredient in root exudates. 
The low molecular weight organic acids can not 
only improve the biological activity of soil, but also 
promote the release of mineral potassium (Grierson, 
1992; Tuason and Arocena, 2009; Fujii et al., 2012). 
Under low K stress, EdVP1 transgenic wheat and 
wild type wheat secreted five kinds of organic acids, 
including oxalic acid, malic acid, tartaric acid, citric 
acid and acetic acid (Figure 2). The amount of oxalic 
acid, tartaric acid, malic acid, acetic acid and citric 
acid in the root exudates of EdVP1 transgenic wheat 
were 35.13, 0.19, 14.11, 0.46 and 0.28  mg g-1 RDW, 
respectively. While the amount of oxalic acid, tartaric 

acid, malic acid, acetic acid and citric acid in the root 
exudates ofwild type wheat were 13.16, 0.04, 9.33, 
0.07 and 0.03 mg g-1 RDW, respectively. Oxalic acid 
and malic acid, which were 98.15% and 99.38% of 
EdVP1 transgenic and wild type wheat root exudates 
respectively, were the main organic acids. The 
content of organic acids in EdVP1 transgenic wheat 
root exudates was 2.22 times as high as that in wild 
type wheat. Oxalic acid, malic acid, tartaric acid and 
citric acid in EdVP1 transgenic wheat root exudates 
were 2.67, 1.51, 4.76 and 9.19 times as high as those 
in wild type wheat, respectively. This showed that 
organic acid secretion ability of  EdVP1 transgenic 
wheat was significantly higher than that of wild 
type wheat (p< 0.01).
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The strong organic acid secretion ability of EdVP1 
transgenic wheat may be an important reason for its 
effective activation of soil potassium.

Figure 2. The kind and content of organic acids in 
root exudatesof wild type and EdVP1 transgenic wheat 
lines under low K stress (0.01mmol L-1 K; RDW=root 
dry weight; Bars represent means±SD; n=6; * and ** 
denote significant differences at p < 0.05 and 0.01, 
respectively).

3.4. Grain yield and K utilization on Udic Argosols

The grain yield in transgenic lines was significant 
higher than that in wild type plants. The grain yield of 
transgenic lines was 2.06 to 1.24 times as high as that 
of wild type plants. However, there were significant 
differences among the different transgenic lines. For 
instance, EV56 had the highest grain yield, which was 
about 1.66 times as high as that of EV52. 

Significant differences in KUI-B and KUI-E were 
observed between transgenic lines and wild type plants 
on Udic Argosols. KUI-B and KUI-E were higher in 
transgenic lines than those in wild type plants. The 
KUI-B in wild type wheat was only 33.38% to 48.43% 
of that in transgenic lines. The KUI-E in wild type 

wheat was only 39.34% to 70.04% of that in transgenic 
lines. However, different transgenic lines had different 
KUI-B and KUI-Eon Udic Argosols. Among all 
transgenic lines, EV66 had the highest KUI-B, while 
EV52 had the lowest one. While EV56 had the highest 
KUI-E, while EV88 had the lowest one.

4. Discussion

Horn et al. (2006) reported that K efficient genotypes 
had the characteristics of high K absorption ability 
and K utilization efficiency. In this study, EdVP1 
gene can not only enhance K acquisition ability of 
wheat, but also promote K utilization efficiency of 
wheat significantly. KA in plants represents plant K 
absorption ability (Shehu et al., 2010). KA in EdVP1 
transgenic wheat was significantly higher than that in 
wild type wheat, which showed that the K acquisition 
ability of EdVP1 transgenic wheat was much higher. 
Potassium utilization index (KUI) considers biomass 
and utilization efficiency, which can better reflect the 
nutrient efficiency (Yang et al., 2010). KUI includes 
K biological utilization index (KUI-B) and economic 
potassium utilization index (KUI-E). In the same 
external conditions, the K utilization efficiency is 
basically controlled by genetic traits of crops (Fageria 
et al., 2001). In this study, the KUI-B and KUI-E of 
EdVP1 transgenic wheat were significantly higher 
than those of wild type, which indicated that the K 
utilization efficiency of EdVP1 transgenic wheat was 
much higher. 

The over expression of AVP1 can make cells 
acidification, which facilitates the auxin fluxes (Li 
et al., 2005). In this experiment, the content of free 
IAA was significantly enhanced in EdVP1 transgenic 
wheat. In this view, EdVP1 transgenic lines had 
more advantages on auxin regulating responses to K 
deficiency. What’s more, auxins have the best-known 
effects on root development among phytohormones 
(Casson and Lindsey, 2003; Smet et al., 2006). EdVP1 
transgenic lines had more advantages on auxin fluxes, 
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Figure 3: A) Grain yield; B) K biological utilization 
index (KUI-B); C) K economic utilization index 
(KUI-E) of wild type and EdVP1 transgenic wheat lines 
under Udic Argosols (Bars represent means±SD; n=6).

which may make great contributions to root 
development. The results showed that EdVP1 gene 
could promote the root growth of wheat, especially 
the total root length, root surface area and root tips. 
Root morphology character is closely related to 
plant K uptake efficiency, especially the root length, 
root surface area and root tips (Hassan and Arshad, 
2010). The main root morphological characteristics 
of potassium efficient genotypes were good root 
morphology and distribution, higher root to shoot 
ratio, more root tips, larger root surface area and so on 
(Farmaha et al., 2012; Wang and Chen, 2012). The total 
root length, root surface area and root tips of EdVP1 
transgenic wheat were significantly higher than those 
of wild type wheat. This makes EdVP1 transgenic 
wheat intercept K+ from the medium effectively and 
promotes the K absorption under low K stress.

In the vacuole membrane, H+-PPase produces energy 
through splitting PPi into Pi and releasing H+. This 
process can uptake other ions into cells (Gaxiola et 
al., 2012). Britto and Kronzucker (2008) reported 
that K+ uptake rate of barley was significantly 
positively correlated with root excretion H+ rate. This 
experimental results showed that, K accumulation of 
wheat had a significant positive correlation with root 
excretion H+ (r = 0.87**). Moreover root excretion H+ 
of EdVP1 transgenic wheat was significantly higher 
than that of wild type wheat. This is because that EdVP1 
gene makes H+-PPase split PPi and release H+, which 
makes the root excretion H+ of EdVP1 transgenic wheat 
increase. The absorption of K+ is an active transportation 
(Hafsi et al., 2011). Root respiration releases CO2 into 
soil solution, in which CO2 and H2O change into H2CO3. 
Ion exchange happens between K+ on the surface of the 
soil particle and H+ on the cell surface (Wani and Datta, 
2007). Then H+ gets into soil solution and K+ enters 
the roots. Therefore, EdVP1 gene can not only provide 
energy for K+ transportation, but also enhance root 
excretion H+ and promote the absorption of K+.

Generally, with the increase of root CEC, the mineral 
nutrient elements uptake of plant will increase (Zhang 
et al.,2010). CEC of root has a significant effect on 
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K uptake efficiency. Higher CEC of root greatly 
facilitates the efficient absorption of  K+ (Ozolina et al., 
2010; Wu and Hendershot, 2009). This experimental 
results showed that, K accumulation of wheat had a 
significant positive correlation with root CEC (r = 
0.93**). This showed that CEC of root had a direct 
impact on K absorption capacity of wheat. The root 
CEC of EdVP1 transgenic wheat was significantly 
higher than that of wild type wheat. This may be due 
to the higher adsorption of K+ in root “Dunant space” 
of EdVP1 transgenic wheat. K+ accumulation in the 
free space can not only contribute to root indirect 
absorption of K+, but also play an important role in K+ 

transportation to shoot (Hafsi et al., 2011).

The soil K activation test conducted on Ferrisols and 
Udic Argosols showed that soil K activation abilities 
of EdVP1 transgenic wheat root exudates were much 
higher than those of wild type wheat, which promoted 
soil non-exchangeable K in rhizosphere to change in to 
soil exchangeable K in order to meet the plant needs for 
potassium. In particular nutrient stress condition, root 
will secrete specific substances into the rhizosphere 
to promote the activation of soil nutrients, which will 
promote element uptake and improve the utilization 
efficiency of these elements through increasing their 
solubility and mobility (Jones et al., 2003; Erro et al., 
2010). It will cause plant physiological disorders and 
enzyme activity decrease under low K stress. At the 
same time, the amount of root exudates has greatly 
increased, especially the simple organic compounds 
(Fujii et al., 2012). These organic compounds, 
especially organic acids, can activate soil mineral K, 
thus improve plant adaptability tothe environment of K 
stress (Zhang et al., 2010; Yavorskii et al., 2009). This 
experiment results showed that, EdVP1 transgenic 
wheat and wild type wheat secreted five kinds of 
organic acids, including oxalic acid and malic acid 
as the main components. The content of organic 
acids in EdVP1 transgenic wheat root exudates 
was 2.22 times as high as that in wild type wheat. 
Oxalic acid in EdVP1 transgenic wheat root exudates 
was 2.67 times as high as that in wild type wheat. 
Root secretion of organic acids activates potassium 

in soils to meet plant requirements on nutrients 
through protons involvement in the replacement and 
hydrolysis or organic anion chelation (Carvalhais 
et al., 2011). The complex and hydrolysis ability of 
oxalic acid are quite strong. Thus oxalic acid has 
strong destruction decomposition on soil minerals, 
such as feldspar, kaolinite and so on (Jones et al., 
2003). Therefore, root organic acid secretion ability 
of EdVP1 transgenic wheat is much higher than that 
of wild type wheat, which maybe an important reason 
for effective K utilization on Ferrisols and Udic 
Argosols.

It is either higher K acquisition ability (the main 
factor of K external use efficiency) or greater K 
internal use efficiency in dry matter or grain yield 
that plays a key role in the better adaptation of crops 
to low K (Yang et al., 2003). EdVP1 gene improved 
K acquisition ability and K utilization efficiency of 
wheat, leading to the high grain yield in transgenic 
lines under low-K condition.

5. Conclusion

Under low K stress, EdVP1 gene promoted the 
accumulation of free IAA in wheat root, which may 
play a key role in the development of root system. 
EdVP1 enhanced the amount of root excretion H+ and 
root CEC, leading to the higher K accumulation ability 
in EdVP1 transgenic wheat. What’s more, the root 
of  EdVP1 transgenic wheat released more organic 
acids, making great contributions to the activation 
of soil K. Due to the combination of physiological 
processes above, EdVP1 gene significantly promote 
K absorption and utilization of wheat under low-K 
condition, thus enhanced the grain yield of wheat. 
In a word, EdVP1 gene could be an alternative and 
viable resource to improve wheat tolerance ability to 
low-K condition.

726



Ruan et al.  

Journal of Soil Science and Plant Nutrition, 2013, 13(3), 716-729 

Acknowledgements

This study was funded by the National Basic 
Research Program of China (No. 2011CB100506) 
and National Planed Major S&T Projects of China 
(No.2008ZX08002-005).

References

Basak, B.B., Biswas, D.R. 2009. Influence of 
potassium solubilizing microorganism (Bacillus 
mucilaginosus) and waste mica on potassium 
uptake dynamics by sudan grass (Sorghum vulgare 
Pers.) grown under two Alfisols. Plant and Soil. 
317, 235-255.

Britto, D.T., Kronzucker, H.J. 2008. Cellular 
mechanisms of potassium transport in plants. 
Physiologia Plantarum. 133, 637-650.

Carvalhais, L.C., Dennis, P.G., Fedoseyenko, D., 
Hajirezaei, M.R., Borriss, R., Wiren, N. 2011. 
Root exudation of sugars, amino acids, and organic 
acids by maize as affected by nitrogen, phosphorus, 
potassium, and iron deficiency. Journal of Plant 
Nutrition and Soil Science. 174, 3-11.

Casson, S.A., Lindsey, K. 2003. Genes and signalling 
in root development. New Phytologist. 158, 11-38.

Erro, J., Zamarreño, A.M., García-Mina, J.M. 2010. 
Ability of various water-insoluble fertilizers 
to supply available phosphorus in hydroponics 
to plant species with diverse phosphorus-
acquisition efficiency: involvement of organic acid 
accumulation in plant tissues and root exudates. 
Journal of Plant Nutrition and Soil Science. 173, 
772-777.

Fageria, N.K., Barbosa Fiho, M.P., Costa, J.G.C. 
2001. Potassium-use efficiency in common bean 
genotypes. Journal of Plant Nutrition. 24, 1937-
1945.

FAI. 2007. Fertilizer Statistics 2006–2007. The 
Fertilizer Association of India, New Delhi.

Fallik, E., Yaacov, O., Ephraim, E., Alexander, G., Meir, 
F. 1989. Identification and quantification of IAA and 
IBA in Azospirillum brasilense-inoculated maize 
roots. Soil Biology and Biochemistry. 21, 147-153.

Farmaha, B.S., Fernandez, F.G., Nafziger, E.D. 2012. 
Distribution of soybean roots, soil water, phosphorus 
and potassium concentrations with broadcast and 
subsurface-band fertilization. Soil Science Society 
of America Journal. 76, 1079-1089.

Fujii, K., Aoki, M., Kitayama, K. 2012. Biodegradation 
of low molecular weight organic acids in rhizosphere 
soils from a tropical montane rain forest. Soil 
Biology and Biochemistry. 47, 142-148.

Gaxiola, R.A., Sanchez, C.A., Paez-Valencia, J., Ayre, 
B.G., Elser, J.J. 2012. Genetic manipulation of a 
“vacuolar” H+-PPase: from salt tolerance to yield 
enhancement under phosphorus-deficient soils. 
Plant Physiology. 159, 3-11.

Grierson, P.F. 1992. Organic acids in the rhizosphere 
of Banksia integrifolia L.f. Plant and Soil. 144, 
259-265.

Hafsi, C., Atia, A., Lakhdar, A., Debez, A., Abdelly, 
C. 2011. Differential responses in potassium 
absorption and use efficiencies in the Halophytes 
catapodium rigidum and Hordeum maritimum to 
various potassium concentrations in the medium. 
Plant Production Science. 14, 135-140.

Hassan, Z.U., Arshad, M. 2010. Cotton growth under 
potassium deficiency stress is influenced by 
photosynthetic apparatus and root system. Pakistan 
Journal of Botany. 42, 917-925.

He, C.E., Zhu, O.Y., Zhen, R.T., Schaffer, H.D. 
2012. Yield and potassium balance in a wheat–
maize cropping system of the north China plain. 
Agronomy Journal. 104, 1016-1022.

727



EdVP1 enhances potassium uptake and utilization of wheat

Journal of Soil Science and Plant Nutrition, 2013, 13(3), 716-729 

Horn, D., Ernani, P.R., Sangoi, L., Schweitzer, C., 
Cassol, P.C. 2006. Nutrient uptake kinetics and 
morphological traits of roots of maize cultivars 
with contrasting genetic variability. Revista 
Brasileira De Chencia Do Solo. 30, 77-85. 

Jones, D.L., Dennis, P.G., Owen, A.G., Hees, P.A.W. 
2003. Organic acid behavior in soil misconception 
and knowledge caps. Plant and Soil. 248, 31-41.

Li, J.S., Yang, H.B., Peer, W.A., Richter, G., Blakeslee, 
J., Bandyopadhyay, A., Titapiwantakun, B., 
Undurraga, S., Khodakovskaya, M., Richards, E.L., 
Krizek, B., Murphy, A.S., Gilroy, S., Gaxiola, R. 
2005. Arabidopsis H+-PPase AVP1 regulates auxin-
mediated organ development. Science. 310, 121-125.

Liu, S.Y., Jing, Y.X., Pang, X.B., Zhao, H.Y., Ma, L.Q., 
Li, Y.F. 2005. cDNA cloning of a vacuolar H+-
pyrophosphatase and its expression in Hordeum 
brevisubulatum (Trin.) link in response to salt 
stress. Agricultural Science in China. 4, 247-249.

Lu, R.K., 2000. Analysis Methods in Soil 
Agrochemistry. Agricultural Science Press, 
Beijing, pp: 129-133.

Mills, H.A., Jones, J.B. 1996. Plant Analysis Handbook 
II, MicroMacro, Athens, pp: 45-48.

Niu, J.F., Zhang, W.F., Ru, S.H., Chen, X.P., Xiao, K., 
Zhang, X.Y., Assaraf, M., Imas, P., Magen, H., 
Zhang, F.S. 2013. Effects of potassium fertilization 
on winter wheat under different production 
practices in the North China Plain. Field Crops 
Research. 140, 69-76.

Obermeyer, G., Sommer, A., Bentrup, F.W. 1996. 
Potassium and voltage dependence of the 
inorganic pyrophosphatase of intact vacuoles from 
Chenopodium rubrurn. Biochimica et Biophysica 
Acta-Biomembranes. 1284, 203-212.

Ozolina, N.V., Kolesnikova, E.V., Nurminsky, V.N., 
Nesterkina, I.S., Dudareva, L.V., Donskaya, 

L.I., Salyaev, R.K. 2010. Influence of exogenous 
NO donator and variations of Ca2+ ion content 
on transport activity related to tonoplast proton 
pumps in ontogenesis and under hyperosmotic 
stress. Biologicheskie Membrany. 27, 354-358.

Park, S., Li, J., Pittman, J.K., Berkowitz, G.A., 
Yang, H., Undurraga, S., Morris, J., Hirschi, 
K.D., Gaxiola, R.A. 2005. Up-regulation of an 
H+-pyrophosphatase (H+-PPase) as a strategy to 
engineer drought-resistant crop plants. Proceedings 
of the National Academy of Sciences. 102, 18830-
18835.

Rafique, E., Mahmood-ul-Hassan, M., Rashid, A., 
Chaudhary, M.F. 2012. Nutrient balances as affected 
by integrated nutrient and crop residue management 
in cotton-wheat system in Aridisols. III. Potassium. 
Journal of Plant Nutrition. 35, 633-648.

Rengel, Z., Damon, P.M. 2008. Crops and genotypes 
differ in efficiency of potassium uptake and use. 
Physiologia Plantarum. 133, 624-636. 

Römheld, V., Kirkby, E.A. 2010. Research on 
potassium in agriculture: needs and prospects. 
Plant and Soil. 335, 155-180.

Shehu, H.E., Kwari, J.D., Sandabe, M.K. 2010. 
Effects of N, P and K fertilizers on yield, content 
and uptake of N, P and K by sesame (Sesamum 
indicum). International Journal of Agriculture and 
Biology. 12, 845-850.

Smet, I.D., Vanneste, S., Inzé, D., Beeckman, T. 
2006. Lateral root initiation or the birth of a new 
meristem. Plant Molecular Biology. 60, 871-887.

Smil, V. 1999. Crop residues: agriculture’s largest 
harvest. Bioscience. 49, 299-308.

Steingrobe, B., Claassen, N. 2000. Potassium 
dynamics in the rhizosphere and K efficiency of 
crops. Journal of Plant Nutrition and Soil Science. 
163, 101-106.

728



Ruan et al.  

Journal of Soil Science and Plant Nutrition, 2013, 13(3), 716-729 

Steingrobe, B., Claassen, N., Syring, K.M. 2000. The 
effect of the function type for describing the soil 
buffer power on calculated ion transport to roots 
and nutrient uptake from the soil. Journal of Plant 
Nutrition Soil Science. 163, 459-465.

Tuason, M.M.S., Arocena, J.M. 2009. Root organic 
acid exudates and properties of rhizosphere soils 
of white spruce (Picea glauca) and subalpine 
fir (Abies lasiocarpa). Canadian Journal of Soil 
Science. 89, 287-300.

Wang, L., Chen, F. 2012. Genotypic variation of 
potassium uptake and use efficiency in cotton 
(Gossypium hirsutum). Journal of Plant Nutrition 
and Soil Science. 175, 303-308.

Wani, M.A., Datta, S.C. 2007. Non-exchangeable 
potassium release to H+-saturated resin and its 
diffusion characteristics in some soils of lesser 
Himalayas. Soil Science. 172, 546-552.

Wu, P., Yin, L.P., Zhang, L.P. 2001. Molecular 
Physiology of Plant Nutrition. Science Press, 
Beijing, pp: 163-211. 

Wu, Y.H., Hendershot, W.H. 2009. Cation exchange 
capacity and proton binding properties of pea 
(Pisum sativum L.) roots. Water Air and Soil 
Pollution. 200, 353-369.

Xie, X.M., Liao, M., Yang, J., Chai, J.J., Fang, S., 
Wang, R.H. 2012. Influence of root-exudates 
concentration on pyrene degradation and soil 
microbial characteristics in pyrene contaminated 
soil. Chemosphere. 88, 1190-1195. 

Yang, F.Q., Wang, G.W., Zhang, Z.Y., Eneji, A.E., 
Duan, L.S., Li, Z.H., Tian, X.L. 2010. Genotypic 
variations in potassium uptake and utilization in 
cotton. Journal of Plant Nutrition. 34, 83-97. 

Yang, X.E., Liu, J.X., Wang, W.M., Li, H., Luo, A.C., 
Ye, Z.Q., Yang, Y. 2003. Genotypic differences and 
some associated plant traits in potassium internal 
use efficiency of lowland rice (Oryza sativa L.). 
Nutrient Cycling in Agroecosystems .67, 273-282.

Yavorskii, V.T., Blazhivskii, K.I., Perekupko, T.V., 
Kostiv, I.Y., Maksimovich, I.E. 2009. Acid 
decomposition of difficultly soluble potassium 
ores with the use of organic solvents. Russian 
Journal of Applied Chemistry. 82, 767-771.

Zhang, F.S., Shen, J.B., Zhang, J.L., Zuo, Y.M., Li, L. 
Chen, X.P. 2010. One-rhizosphere processes and 
management for improving nutrient use efficiency 
and crop productivity: implications for China. 
Advances in Agronomy. 107, 1-32.

729


