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Abstract. Root exudates play a major role in the mobilization of sparingly soluble nutrients in the 
rhizosphere. Purple soils have poor fertility as a result of soil erosion and certain soil characteristics. 
In this study, we examined how root exudates of hairy vetch (Vicia villosa) affected soil-available 
nutrients in three types of purple soil, by using solution-cultivation and soil-cultivation methods. 
Root exudates were collected by solution cultivation and a soil-cultivation experiment was carried 
out with two exudate treatments (low amount and high amount). In all three types of purple soil, 
high amount of root exudates significantly increased available P, K, Zn, Fe (P<0.05). The activation 
effects of exudates on soil available P and Zn were most substantial in alkaline purple soils. Soil 
available K was most primary in neutral purple soils, and soil available Fe was major in acidic 
purple soils. These results suggest that planting hairy vetch in winter fallow increase specific 
nutrients of purple soils in the study area because of the mobilization of root exudates and different 
types of soil. 

Introduction 
Purple soil is a type of non-zonal soil that develops by the weathering of purple sandstone 
(composed of the ferric oxide and manganese oxide that make it purple) and purple shale rock under 
subtropical and tropical monsoon climates. As a result of the severe soil erosion and serious land 
degradation predominant in the purple soil region, 48.8% of the area covered by purple soil is 
damaged by soil erosion [1, 2]. Crop production, is deteriorating as a result of cultivated purple soils 
becoming compacted, hardened, shallow [3], lower in moisture and reduced in fertility. Improving 
the quality and fertility of purple soils has therefore become an urgent need to ensure their 
sustainability. 

Root exudates are substances that are released from plant roots into the rhizosphere. Root 
exudates consist of organic compounds of both low and high molecular weights [4, 5]. Root 
exudates are an important medium with which plants exchange material, energy and information 
with the soil, and thus are an organic source and sink of rhizosphere micro-ecosystems. Previous 
studies have shown that root exudates of common bean can activate Al-P and Fe-P [6]. Root 
exudates of grain amaranth positively affect available K [7]. Release of phytosiderophores in the 
graminaceous species mobilizes zinc and iron with zinc deficiency [8, 9].  

Hairy vetch (Vicia villosa Roth) is widely used in agroecosystems as a legume cover crop and 
green manure [10, 11]. It is native to Europe and western Asia [12], and is distributed mainly in the 
Sichuan, Jiangsu, Anhui and Henan provinces of China. Current research on hairy vetch is focused 
on its use as a green manure to improve soil fertility [13], how multi-cropping hairy vetch after 
wheat can have a yield-increasing effect[14], and how hairy vetch root exudates can have a 
suppression effect on weeds and pests [15,16]. Few studies have investigated the effect of hairy 
vetch root exudates on soil fertility. The purpose of our study was to examine how hairy vetch root 
exudates affect soil fertility in three types of purple soil using the solution-cultivation and 
soil-cultivation methods.  
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Materials and Methods 
Experimental Materials and Soil 

Hairy vetch seedlings were purchased from Henan HuaFeng Prataculture Technology Co., Ltd 
(Zhongzhou, Henan Province, China). Soil samples consisted of three types of purple soils (acidic, 
alkaline and neutral). Acidic soil was collected from Jiangjin, Chongqing, China. Alkaline soil was 
collected from Tongnan, Chongqing, China. Neutral soil was collected from Hechuan, Chongqing, 
China. Samples were collected from the plough layer (0–20 cm) of each soil. We selected five sites 
for each soil type on the basis of soil pH, soil organic matter, alkali-hydrolysable N content, 
available P content, available K content, available Fe content, available Zn content, Total N content, 
Total P content and Total K content. A summary of soil properties is shown in Table 1. Directly after 
collection from the field, any discernable roots was removed and the samples were air-dried, ground 
and sieved [17]. This study was conducted in a laboratory cultivation room, Department of Plant 
Nutrition at Southwest University, from March to June 2014. 

Table 1 Characteristics of the three types of purple soils used in the experiment. (mean±SD, N=8) 

Type of 
purple 

soil 

Available 
N 

(mg∙kg−1) 

Available 
P 

(mg∙kg−1) 

Available 
K 

(mg∙kg−1) 

Available 
Fe 

(mg∙kg−1) 

Available 
Zn 

(mg∙kg−1) 

Total N 
(g∙kg−1) 

Total P 
(g∙kg−1) 

Total K 
(g∙kg−1) 

Organic 
matter 
(g∙kg−1) 

pH 

Acidic  62.52±1.78 11.71±1.23 14.52±0.46 2.35±0.21 1.00±0.02 0.64±0.03 0.47±0.01 11.80±1.56 15.11±1.56 5.50±0.15 

Alkaline  53.63±2.72 3.35±0.35 20.09±1.34 0.71±0.07 0.69±0.01 0.85±0.05 0.77±0.02 21.12±2.34 13.76±1.23 8.64±0.23 

Neutral  71.08±1.98 11.19±2.01 50.23±2.46 2.22±0.16 1.41±0.08 0.88±0.04 0.85±0.04 15.31±2.19 10.28±0.98 7.44±0.11 

 
Solution Culture Experiment 

Hairy vetch seeds of the same size were selected using their dimensions and surface-sterilized in 15% 
hydrogen peroxide for 15 min, then rinsed several times in deionized water. Seeds were evenly 
scattered in a tray containing wet quartz sand and covered with moist filter paper. Trays were placed 
in a dark inoculation room for germination at 25°C. After germination, hairy vetch seedlings were 
cultured with hydroponically in growth chambers (day/night cycle: 16 h at 23°C/8 h at 19°C). The 
cultivation system was bubbled with air to supply sufficient O2 and to circulate nutrients. When 
seedlings reached the third-leaf stage they were gently removed from the tray and the roots were 
washed several times with deionized water. Every 15 seedlings were transferred into a 2 L pot filled 
with half-strength nutrient solution (diluted with distilled water), grown for one week and then 
transferred into the same-size pot containing whole nutrient solution for culturing. We planted 10 
pots for collecting root exudates of hairy vetch. Root exudates were collected from pots on 40 d 
after transplanting. At that time, Hairy vetch was in a vigorous period. The specific collection 
method was as follows [18]: 2 h into the light treatment on day 40, 15 plants were gently taken out 
of each pot and the roots were washed four times with deionized water. Roots were transferred to 1 
L beakers containing 450 mL of deionized water and covered with aluminum foil [19]. After 4 h, 
the solutions from all plants were collected and aggregated. To concentrate the exudates, the 
solutions were processed 40 times in a vacuum rotary evaporator. The concentrated solution of the 
root exudates of 150 plants were filtered by 0.45 μm Millipore membranes and stored at −20°C until 
use. Each 0.75 mL concentrated solution was equivalent to the amount of root exudates secreted by 
one plant for 4 h. 

Soil-Cultivation Experiment 
The soil-cultivation experiment was carried out using the method of Zhao et al [18]. There were 
nine treatment combinations in a full-factorial setup. The three purple soil types were acidic, 
alkaline and neutral. The three root exudate treatments were high concentration (12 mL root 
exudates above, as follows), low concentration (6 mL root exudates plus 6 mL deionized water), 
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and a control (12 mL deionized water). We added 60 g of air-dried and sieved (2 mm) purple soil to 
each 100 mL beaker. The exudate solutions were then added slowly and mixed. The water-filled 
pore space (WFPS) was 80%. Beakers were kept in a dark, constant-temperature box at 25°C for 15 
d. Each treatment was repeated four times. Beakers were weighed daily and neutral deionized water 
was added to replace evaporated water. After 15 d, soil samples were removed from beakers and all 
samples were prepared according to the standard method of determination index [18]. 

Determination Index and Method 

The content of alkali-hydrolysable N, available P, available K, available Zn and Fe in soil was 
measured by the methods from Li et al. [20]. 

Statistical Analysis 
All data were analyzed with SPSS 18.0 and Microsoft Excel 2007. Differences between treatment 
means were tested by one-way analysis of variance (ANOVA), and if treatment effects were found 
to be significant at the level of P<0.05 [21]. 

Results and Discussion 
Effect of Hairy Vetch Root Exudates on Available P Contents of Purple Soil 

The content of available P increased significantly in acidic and alkali soils after adding concentrated 
solutions of exudates into the soil. Moreover, available P increased with the increase of the amount 
of root exudates. It showed that, compared with the control, the available P increased by 1.49 times 
and 1.36 times after adding concentrated solutions of exudates in acidic soils, and 1.40 times and 
1.08 times in neutral soils, while 4.64 times and 3.41 times of the control respectively in alkali soils. 
Consequently, the increasing effect of exudates on available P was most substantial in alkali soils. It 
may be related to higher content of insoluble P compounds (such as Ca-P) in alkaline purple soil 
[22-24], although the specific reason remains unknown. 

 
Fig. 1 Effect of hairy vetch root exudates on available P contents of purple soil 

 

Fig. 2 Effect of hairy vetch root exudates on available K contents of purple soil 

Note: Data are the average of four replicates. Different letters indicated significant difference 
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among different treatments with the same type of soil at P<0.05. Root exudates of hairy vetch was 
used in the experiment, namely every 0.75 mL concentrated hairy vetch root exudates was 
equivalent to the exudate secreted by one plant for 4 hours. The same is for figures below. 

Effect of Hairy Vetch Root Exudates on Available K Contents of Purple Soil 
The content of available K increased significantly (P =0.001) in acidic and neutral soils after adding 
concentrated solutions of exudates into the soil (Fig.2). Moreover, available K increases with the 
increase of the amount of root exudates in both types of soils. Compared with the control, the 
content of available K increased significantly in alkali soils only after adding high amount of 
exudates into the soil (P =0.00). It showed that, compared with the control, after adding high and 
low amount of concentrated solutions of exudates, the available k increased by 8.04 and 3.09 
mg.kg-1 in acidic soils, and 14.75 and 4.04 mg.kg-1 in alkali soils. However, the available k 
increased by 30.16 and 10.92 mg.kg-1 respectively in neutral soils (Fig.2). Therefore, the increase in 
available K was most substantial in neutral soils treated with exudates. It may be related to easily 
form metal-organic complexes with the metal ions in the mineral structure in neutral soils, which 
can accelerate the decomposition of minerals [25, 26]. 

Effect of Hairy Vetch Root Exudates on Available Fe Contents of Purple Soil 
Compared with the control, the content of available Fe increased significantly in three types of soil 
only after adding high amount of exudates into the soil (pacid=0.002, palkali=0.020, pneutral=0.003). 
Compared with the control, the available Fe was increased by 0.55mg.kg-1 after adding high amount 
of exudates in acidic soils, while increased by 0.21mg.kg-1 in alkali soils, and increased by 
0.3mg.kg-1 in neutral soils (Fig.3). Thus, the increasing effect of exudates on available Fe was most 
substantial in acidic soils. Fe mobility in acidic soils is enhanced by the presence of organic acids 
from root exudates, which can further direct formation of Fe complexes [27], and lower pH in acidic 
soils means it is easy to be replaced by H+ for Fe2+ on the surface of the soil [28]. 

Effect of Hairy Vetch Root Exudates on Available Zn Contents of Purple Soil 
Compared to the control, the content of available Zn increased significantly in acidic (P=0.002) and 
alkali (P=0.013) soils only after adding high amount of exudates into the soil. The content of 
available Zn increased significantly in neutral soils after adding 12 mL or 6 mL concentrated 
solutions of exudates into the soil compared with the control (P=0.033). Moreover, available Zn 
increases with the increase of the amount of root exudates in neutral soils. Compared with the 
control, the available Zn was increased by 0.19mg.kg-1 after adding high amount of exudates in 
acidic soils, while by 0.26mg.kg-1 in alkali soils, and by 0.11mg.kg-1 in neutral soils. Consequently, 
the increasing effect of exudates on available Zn was most substantial in alkali soils. Root exudates 
reduce the concentration of Ca2+ in alkali soils directly by forming a more stable complexes with 
Ca2+, thus reducing the adsorption and fixation of Zn by calcium compounds so that Zn2+ is released 
into the soil. Further studies are needed to investigate how exudates affect available Zn in alkali 
soils. 
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Fig. 3 Effect of hairy vetch root exudates on available Fe contents of purple soil     

 

Fig. 4 Effect of hairy vetch root exudates on available Zn contents of purple soil 

Conclusions 
In this study, addition of hairy vetch root exudates resulted in a significant increase in available P, K, 
Zn, and Fe. The treatment with a higher concentration of root exudates showed the most significant 
positive effect on soil-available nutrients. However, the effect was different in purple soils of 
different types. Our results suggest that planting hairy vetch can activate P, K, Zn, and Fe in purple 
soils. It showed that the activation effects of exudates on soil available P and Zn were most 
substantial in alkaline purple soils. Soil available K was most primary in neutral purple soils, and 
soil available Fe in acidic purple soil.  
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