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Abstract:    Objective: To investigate the amounts of extractable organic nitrogen (EON), and the relationships be-
tween EON and total extractable nitrogen (TEN), especially the amino acids (AAs) adsorbed by soils, and a series of 
other hydrolyzed soil nitrogen indices in typical land use soil types from southeast China. Under traditional agricultural 
planting conditions, the functions of EON, especially AAs in the rhizosphere and in bulk soil zones were also inves-
tigated. Methods: Pot experiments were conducted using plants of pakchoi (Brassica chinensis L.) and rice (Oryza 
sativa L.). In the rhizosphere and bulk soil zone studies, organic nitrogen components were extracted with either 
distilled water, 0.5 mol/L K2SO4 or acid hydrolysis. Results: K2SO4-EON constituted more than 30% of TEN pools. 
K2SO4-extractable AAs accounted for 25% of EON pools and nearly 10% of TEN pools in rhizosphere soils. Overall, 
both K2SO4-EON and extractable AAs contents had positive correlations with TEN pools. Conclusions: EON repre-
sented a major component of TEN pools in garden and paddy soils under traditional planting conditions. Although only 
a small proportion of the EON was present in the form of water-extractable and K2SO4-extractable AAs, the release of 
AAs from soil exchangeable sites might be an important source of organic nitrogen (N) for plant growth. Our findings 
suggest that the content of most organic forms of N was significantly greater in rhizosphere than in bulk soil zone 
samples. However, it was also apparent that the TEN pool content was lower in rhizosphere than in bulk soil samples 
without added N. 
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1  Introduction 
 

Nitrogen (N) is the factor most limiting the 
growth of almost all crops in temperate terrestrial 
ecosystems. The dynamics of inorganic nitrogen 

( 4NH+ , 3NO− ) has been intensively studied in soils, 

and increasingly research has been focused on the 
dynamics of soil organic nitrogen in agricultural soils. 

Extractable organic N (EON) is the organic N present  
in different soil extracts (e.g., extracted with water or 
K2SO4) or that can be hydrolyzed (e.g., by acid hy-
drolysis) or solubilized (Ros et al., 2009). EON con-
tents of soils can be less than 5% of the total N that 
can be extracted by mild salt solutions, or may be 
more than 50% of the total extracted by acid hy-
drolysis methods (Stevenson, 1994; Matsumoto and 
Ae, 2004; Ros et al., 2009). Plant roots can absorb 
not only inorganic N but also EON in the form of 
amino acids (AAs) from soil and solutions (Wu et al., 
2005). Hydrolyzed soil organic matter contains high 
organic N, of which 30%–50% is present in the form 
of AAs. 
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The rhizosphere is the soil zone in which mi-
crobial activity is influenced by plant roots, distin-
guishing it from ‘bulk’ soil (Russell, 1982; Herman et 
al., 2006). Active interaction occurs among plant 
roots, soil, and microbes in rhizosphere soils (Herman 
et al., 2006). The interaction results in increase in soil 
nitrogen mineralization, which correspondingly in-
creases net plant nitrogen assimilation (Bregliani et 
al., 2010). 

Several studies have attempted to measure the 
size and characteristics of EON pools in soils (Ros et 
al., 2009). In contrast, very few have attempted to 
determine the distribution of EON either in the 
rhizosphere or in bulk soil of traditional agricultural 
soils. While it seems reasonable to assume that or-
ganic N pools would be larger in the rhizosphere than 
in bulk soil (DeAngelis et al., 2008; Näsholm et al., 
2009), there are also compelling reasons why this 
may not be the case under fertilizer application or 
may depend on the plant species grown (monocoty-
ledonous or dicotyledonous). Vegetables are essential 
to our life, and the area of soils used for vegetable 
production is increasing each year in China. Mean-
while, rice is a very important and widely spread 
terrestrial plant (Ding et al., 2008). China is the 
largest rice producing and consuming country. 
Moreover, Chinese rice planting area accounts for 
20% of the world’s rice area. Because of the 
long-term and hydro-agricultural management under 
seasonal submergence for rice growth, paddy soil in 
China has been recognized as an anthropogenic soil 
type (Zheng and Zhang, 2011). Garden and paddy 
soils are the typical land use types in China and they 
differ in their soil chemical properties, crop types, 
textures, and agricultural management practices. 
Those differences have caused the two traditional 
soils to have different forms of N pools. 

In this paper, monocotyledonous rice (Oryza 
sativa L.) and dicotyledonous pakchoi (Brassica 
chinensis L.) were planted in typical land use soil 
types (paddy soil and garden soil) from southeast  
 
 
 
 
 
 
 

China with or without added N (urea) in a conven-
tional fertilizer application. Laboratory analyses were 
used to determine the sizes of EON pools and the 
relationships between EON and total extractable N 
(TEN), especially the AAs adsorbed by soils, and a 
series of other hydrolyzed soil nitrogen indices. The 
functions of EON, especially adsorbed AAs in the 
rhizosphere and in bulk soils under traditional agri-
cultural planting conditions, were also investigated. 

 
 

2  Materials and methods 

2.1  Soils 

Soils were collected from the experimental farm 
of Zhejiang University at the Huajiachi Campus lo-
cated in northern Zhejiang Province, southeast China 
(30°16′ N, 120°12′ E). The site has a humid sub-
tropical climate with a mean annual precipitation of 
1 453 mm and an average annual temperature of 
16.2 °C. Soil A is a garden soil, and was used for 
vegetable production. Soil B is a paddy soil, and was 
used for rice production. The soils were taken from 
surface 0–15 cm horizons, air-dried, and sieved to 
pass a 2-mm screen before being used for laboratory 
experiments. Soil properties are listed in Table 1. 

2.2  Experimental design 

Pot experiments were conducted in a naturally lit 
glasshouse at the Huajiachi Campus of Zhejiang 
University in 2008. The pots were laid out in a com-
pletely randomized design. 

2.2.1  Vegetable experiment 

Pots (17 cm in height, 19 cm in diameter) were 
each filled with 2.5 kg of air-dried soil. Three nylon 
mesh bags (10 cm in height, 6 cm in diameter), each 
filled with 200 g of air-dried soil, were buried evenly 
in each pot in a way that the soil surface in the bags 
was level with the soil surface in the pot. The mesh 
bags were used to separate the rhizosphere from the  
 
 
 
 
 
 
 

Table 1  Selected properties of the experiment soils

Soil 
property pH Organic matter 

(g/kg) 
Total N 
(g/kg) 

Alkali-hydrolysable 
N (mg/kg) 

Available 
P (mg/kg)

Extractable 
K (mg/kg) 

CEC 
(cmol/kg)

Soil A 7.3±0.01 15.7±0.01 2.5±0.2   85.1±0.1 58.3±1.5 104.0±3.0 9.0±0.03 
Soil B 5.6±0.10 21.7±0.50 2.8±0.1 136.0±2.7 98.5±2.0 104.5±5.4 8.4±0.10 

Values represent the mean±standard error of the mean (SEM) (n=3). CEC: cation exchange capacity. Soil A: loamy mixed active thermic 
aeric humaquepts soil; Soil B: loamy mixed active thermic aeric endoaquepts soil 
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bulk soil: the soil in the bags was considered as the 
rhizosphere, and that outside the bags the bulk soil 
(Lu et al., 2000). The bag had a mesh size of 24 μm, 
which allowed soil solutions to pass through but roots 
were unable to penetrate. The uptake of nutrients was 
not seriously restricted in this situation (Lu et al., 
2000). Therefore, the mesh bags could be used to 
study the localized N availability in the rhizosphere 
and in bulk soils. 

The experiment had two N rates applied as urea 
(0 and 121.9 mg N/kg soil). K2SO4 was incorporated 
into the soil at a rate of 119.4 mg K2O/kg soil. 
Ca(H2PO4)2·H2O was incorporated into the soil at a 
rate of 93.8 mg P2O5/kg soil (Ke et al., 2005). All 
fertilizers were thoroughly mixed with soil before 
planting. Treatments without N application were used 
as experimental controls (CK). Three pakchoi (Bras-
sica chinensis L.) seeds were directly planted in the 
center of each nylon mesh bag on Nov. 15, 2008. 
After one week, only one healthy plant was allowed to 
grow in each bag. Plants were harvested on Dec. 31. 
The pots were watered regularly to prevent moisture 
stress to the plants. The experiment had seven repli-
cations for each treatment. 

2.2.2  Rice experiment 

The rice (Oryza sativa L.) variety used in the 
experiment was the japonica rice Bing 98110. Rice 
seeds were surface-sterilized in 1.5% H2O2 for 10 min, 
rinsed thoroughly with deionized water, soaked in 
deionized water at room temperature overnight, and 
germinated in moist quartz sand. Seedlings were 
grown for 21 d in a climate-controlled room with day 
and night temperatures of 30 and 25 °C, respectively, 
and a relative humidity of 60%–70%. The photope-
riod in the climate-controlled room was 14 h at a 
photon fluence rate of (200±25) μmol/(m2·s)  
(photosynthetically active radiation (PAR) 400– 
700 nm). Uniform 21-d-old seedlings were used for 
experiments. 

Pots (22 cm in height, 21 cm in diameter) were 
each filled with 3.5 kg air-dried soil. Three nylon 
mesh bags (15 cm in height, 8 cm in diameter), each 
filled with 600 g air-dried soil, were buried in each 
pot as in the vegetable experiment. Two N rates, 0 and 
133 mg N/kg soil as urea, were applied to the treat-
ment soils. All treatment soils in pots were mixed 
with 88 mg K2O/kg soil as K2SO4 and 88 mg P2O5/kg 

soil as Ca(H2PO4)2·H2O before seedlings were trans-
planted into the pots (Bai and Xiao, 1998). Seedlings 
were transplanted on Aug. 3 with one seedling in each 
mesh bag and harvested on Dec. 8. A water depth of 
3–5 cm above the soil surface in each pot was estab-
lished and manually maintained throughout the ex-
periment. Each treatment had eight replications. 

2.3  Sampling and analysis 

When the plants were harvested, soil samples 
were collected for analysis. Roots were removed 
carefully by hand from the soil samples. The soil 
outside the mesh bag was taken as the bulk soil, while 
soil inside the mesh bag was taken as the rhizosphere 
soil. The soil samples were air-dried, passed through a 
2-mm sieve, and stored in glass bottles until analysis. 

2.3.1  Water or K2SO4-extractable nitrogen 

Water or K2SO4-extractable N was measured 
using air-dried soil samples (<2 mm). Four-gram soil 
was added to 40 ml of deionized water or 0.5 mol/L 
K2SO4 solution in 50-ml centrifuge tubes. The mix-
tures were shaken with a reciprocating shaker for 1 h, 
and then centrifuged at 4 000 r/min for 15 min. The 
supernatant was filtered through Whatman No. 42 
filter paper. The extracts were immediately stored at 
−20 °C until analyzed. The extraction process was 
repeated five times for each treated soil sample. 

2.3.2  Acid-hydrolysable nitrogen 

Acid hydrolysis is the most widely used chemi-
cal method for characterizing soil organic nitrogen 
(Kelley and Stevenson, 1985). Acid-hydrolysable N 
was measured using air-dried soil (0.149 mm) as 
described by Bremner (Stevenson, 1982). The 
air-dried soils were hydrolyzed with 6 mol/L HCl at 
110 °C for 24 h. 

2.4  Chemical analysis 

The amounts of 4NH -N
+

 and 3NO -N−  in the 

water and K2SO4 extracts were determined using 
standard colorimetric procedures (Keeney and Nel-
son, 1982). TEN in the extracts was determined 

using persulfate to oxidize organic N and 4NH -N+  to 

3NO -N,−  as described by Cabrera and Beare (1993). 

The amounts of EON in the extracts were  
calculated by subtracting extractable inorganic N 
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(EIN= 4NH -N+ + 3NO -N− ) from TEN. The AA con-

tents of the extracts were determined using the 
method described by Joergensen and Brookes (1990). 
Leucine was used as a calibration standard.  

The amount of hydrolyzable N in the soils was 
determined by a procedure described by Bremner 
(1965). This involved estimation of the total hydro-
lyzable N, AA N, amino sugar N, ammonia N, and 
hydrolyzable unknown N (HUN). Correction factors 
were applied to the ammonia N and amino sugar N 
fractions to account for partial deamination of amino 
sugars during hydrolysis. HUN was estimated by the 
difference (Bremner, 1965). 

pH was determined using 1:2.5 (w/v) soil:H2O 
extracts. Total soil N was determined by the Kjeldahl 
digest method and the organic matter by the dichro-
mate oxidation method (Keeney, 1982). Alkali- 
hydrolysable N and cation exchange capacity (CEC) 
were determined by the method of Lu (1999). 
Available phosphorus was measured using extracts of 
0.5 mol/L NaHCO3 (pH 8.5) or HCl-NH4F (Bray and 
Kurtz, 1945; Olsen et al., 1954). Extractable potas-
sium was determined by extracting the soil with 
1 mol/L CH3COONH4 and then measuring by flame  
photometry. All extractions were performed in trip-
licate. The analysis values from the triplicate extrac-
tions were averaged before statistical analysis was 
performed. 

2.5  Statistical analysis 

All statistical analyses were performed using 
STATISTICA (V. 5.5). Data were subjected to 
analysis of variance (ANOVA) and the differences in 
mean values were tested using Duncan’s multiple 
range method (P<0.05). 
 
 

3  Results 

3.1  Water-extractable N in rhizosphere and bulk 
soils 

The amounts of water-extractable inorganic and 
organic N in the soils are shown in Fig. 1a. The con-

centration of water-extractable 4NH -N+  was in-

versely correlated with the concentration of water- 

extractable 3NO -N−  in paddy soil (correlation coef-

ficient r=−0.46, P<0.05), but for the garden soil, the 

relationship was not significant. 
The amounts of water-EON in soils are shown in 

Fig. 1a. Water-EON contents were not significantly 
affected by N addition (Table 2, P<0.05). In garden 
soil, there was a significant increase of water-EON 
content in rhizosphere soil after N addition compared 
with that in bulk soil (Table 2, P<0.05). On average, 
water-EON constituted 50% of the water-TEN pools 
in garden soil. Rhizosphere soil without N addition 
contributed the most (72.3%) and bulk soil  
with N addition the least (32.3%) to water-TEN.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Nitrogen distributions in rhizosphere and bulk 
soil samples in relation to plant types and N addition  
Values are expressed as mean±SEM (nPakchoi=7; nRice=8). 
(a) Water-extractable N (nitrate, EON, and ammonium) 
content per unit soil mass. (b) K2SO4-extractable N content 
(nitrate, EON, and ammonium) per unit soil mass. 
(c) Extractable TEN content (water and K2SO4-TEN) per 
unit soil mass. (d) Extractable AA content (water and 
K2SO4-extractable AAs) per unit soil mass. N-R: 
rhizosphere soil with N addition; N-B: bulk soil with N 
addition; CK-R: rhizosphere soil without N addition; 
CK-B: bulk soil without N addition 
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Water-EON constituted 60.6% of the water-TEN 
pools in paddy soil. However, the amount of  
water-EON as a proportion of the water-TEN pool 
showed no significant difference between rhizosphere 
or bulk paddy soil. 

The concentrations of water-extractable AAs in 
rhizosphere and bulk soils are shown in Fig. 1d. The 
water-extractable AAs concentrations were low 
(<3 mg/kg) in samples from both soils. There was a 
significant increase in the water-extractable AA 
content in rhizosphere soil after N addition compared 
with that in bulk soil (Table 2, P<0.05). Generally, the 
highest concentrations were observed in rhizosphere 
soil with N addition and the lowest in bulk soil 
without N addition. In garden soil, water-extractable 
AAs constituted 5% of the water-EON pool and 2.2% 
of the water-TEN pool on average. Significant posi-
tive relationships were found between the concentra-
tion of water-extractable AAs and both the  
water-EON (r=0.39) and the water-TEN (r=0.83). In 
paddy soil, water-extractable AAs constituted 14.6% 
of the water-EON pool and 8.9% of the water-TEN 
pool. 

3.2  K2SO4-extractable N in rhizosphere and bulk 
soils 

K2SO4-extractable N had a much larger N pool 
than water-extractable N (Figs. 1a and 1b). The con-

centration of K2SO4-extractable 4NH -N+  was in-

versely correlated with K2SO4-extractable 3NO -N−  in 

paddy soil (r=−0.74). On average, the K2SO4-EIN 
content was about double that of water-EIN in garden 
soil. Similarly, the K2SO4-EIN content was more than 
four times that of water-EIN in paddy soil. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
Generally, significant amounts of K2SO4-EON 

were found in samples from both soils (Fig. 1b, 
P<0.05). The K2SO4-EON content was not signifi-
cantly affected by N addition in garden soil, but was 
greater in rhizosphere than in bulk soil (Table 3, 
P<0.05). In contrast, K2SO4-EON content was sig-
nificantly increased with N addition in paddy soil 
(Table 3, P<0.05). However, K2SO4-EON content did 
not show a rhizosphere effect when N was not applied. 

On average, K2SO4-EON constituted 37.6% of 
the K2SO4-TEN pool in garden soil, with the highest 
proportion (55.9%) seen in rhizosphere soil without N 
addition and the lowest (27.7%) seen in bulk soil with 
N addition. K2SO4-EON constituted 30.4% of the 
K2SO4-TEN pool in paddy soil, with the highest 
proportion (38.4%) seen in rhizosphere soil with N 
addition and the lowest (24.4%) seen in bulk soil 
without N addition. A significant positive relationship 
between the concentrations of K2SO4-EON and 
K2SO4-TEN was found in both garden (Fig. 2a, 
r=0.36) and paddy soils (Fig. 2a, r=0.88). In contrast, 
the concentration of EON was inversely correlated 

with 4NH -N+  in garden (r=−0.57) and paddy soils 

(r=−0.79). Generally, the K2SO4-EON content was 
about 1.4 times that of water-EON in both soils. 

The contents of K2SO4-extractable AAs in 
rhizosphere and bulk soils are shown in Fig. 1d. The 
results indicate that addition of N significantly in-
creased K2SO4-extractable AAs content in both soils 
(Table 3, P<0.05). The K2SO4-extractable AA con-
tent was significantly greater in rhizosphere soil than 
in bulk soil (Table 3, P<0.05). 

In garden soil, on average, K2SO4-extractable 
AAs constituted 27.9% of the K2SO4-EON pool and  
 

 

Table 2  F-statistics from two-way ANOVA of the effects of N addition (no N versus urea added) and soil zone 
(rhizosphere versus bulk) on water-EON, TEN, and AAs in soils planted with pakchoi or rice 

EON TEN AA 
Plant Source of variation 

df F df F df F 

N addition 1, 24 0.05 1, 24 129.00* 1, 24 122.00*

Rhizosphere effect 1, 24   6.78* 1, 24     6.68* 1, 24 65.30*

Pakchoi 

N×rhizosphere 1, 24 2.59 1, 24   32.90* 1, 24 28.70*

N addition 1, 28 2.28 1, 28   0.86 1, 28 187.00*

Rhizosphere effect 1, 28 0.29 1, 28   0.00 1, 28 63.90*

Rice 

N×rhizosphere 1, 28 0.60 1, 28   0.29 1, 28     8.96*

* P<0.05. df: degree freedom
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Fig. 2  Relationships among components of K2SO4-extractable N (TEN, EON, and AAs) in soils planted with 
pakchoi or rice 
(a) Relationship between K2SO4-EON and K2SO4-TEN; (b) Relationship between K2SO4-extractable AA and 
K2SO4-TEN; (c) Relationship between K2SO4-extractable AA and K2SO4-EON
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Table 3  F-statistics from two-way ANOVA of the effects of N addition (no N versus urea added) and soil zone 
(rhizosphere versus bulk) on K2SO4-EON, K2SO4-TEN, and K2SO4-extractable AAs in soils planted with 
pakchoi and rice 

EON TEN AA 
Source of variation 

df F df F 
 

df F 
N addition 1, 24 4.11 1, 24 881.00* 1, 24  538.00*

Rhizosphere effect 1, 24 81.70* 1, 24   48.90* 1, 24  175.00*
Pakchoi 

N×rhizosphere 1, 24 0.06 1, 24   92.00*
 

1, 24  12.40 
N addition 1, 28 30.40* 1, 28   35.10* 1, 28 230.00*

Rhizosphere effect 1, 28 14.00* 1, 28   3.10 1, 28   84.50*
Rice 

N×rhizosphere 1, 28 4.53* 1, 28   14.70*
 

1, 28   1.82 
* P<0.05  
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9.8% of the K2SO4-TEN pool. Significant positive 
relationships were found between the concentration 
of K2SO4-extractable AAs and both the K2SO4-EON 
(Fig. 2c, r=0.76) and the K2SO4-TEN (Fig. 2b, 
r=0.91). In paddy soil, K2SO4-extractable AAs con-
stituted 41.0% of the K2SO4-EON pool and 12.9% of 
the K2SO4-TEN pools. Significant positive relation-
ships were again found between the concentrations of 
K2SO4-extractable AAs and both the K2SO4-EON 
(Fig. 2c, r=0.76) and the K2SO4-TEN (Fig. 2b, 
r=0.66). Generally, the content of K2SO4-extractable 
AAs was about 3–9 times greater than that of  
water-extractable AAs in both soils. 

3.3  Acid-hydrolysable N in rhizosphere and bulk 
soils 

The results showed that addition of N signifi-
cantly increased acid-hydrolysable AA content in 
both soils. Acid-hydrolysable AA content was sig-
nificantly greater in rhizosphere soil than in bulk soil 
in both soil types (Tables 4 and 5). On average, 
acid-hydrolysable AAs constituted 10.7% of the total 
N pool in garden soil, and 19.1% of the total N pool in 
paddy soil. 

Similarly, in garden soil, the amount of 
acid-hydrolysable ammonium significantly increased 
in the treatments with nitrogen addition. The 
acid-hydrolysable ammonium content was also  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

significantly greater in the rhizosphere compared to 
the bulk soil (P<0.05). However, acid-hydrolysable 
ammonium content was not affected by either N ad-
dition or the rhizosphere effect in paddy soil. Gener-
ally, acid-hydrolysable ammonium constituted 13.3% 
and 20.4% of the total N pool in garden and paddy 
soils, respectively. 

In the N addition treatments, the contents of 
acid-hydrolysable amino sugar in both soils were 
significantly increased compared to those following 
treatments without N addition. Significantly higher 
acid-hydrolysable amino sugar content was also ob-
served in rhizosphere samples than in bulk soil 
(P<0.05). On average, acid-hydrolysable amino sugar 
constituted about 3.0% of the total N pool in both 
soils. We were unable to identify the chemical prop-
erties of a portion of the organic N classified as ‘un-
known N’ (Tables 4 and 5). The total amount of un-
known N and AAs accounted for about 50.0% of the 
total organic N of the soils. 

 
 
4  Discussion 

4.1  Organic N component pools in soils 

Two of the main plant species cultivated in 
China were planted under traditional agricultural 
planting conditions in our research. The organic N  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4  Acid-hydrolysable N components in vegetable soil

Concentration (mg/kg) 
Group 

Total N Ammonium Amino sugar Amino acid Unknown N Total acid- 
hydrolysable N

Rhizosphere (N*) 1348.6±43.8 a 194.6±7.5 a 64.9±5.3 a 151.0±3.5 a 137.5±15.8 a 548.1±23.3 a 
Bulk (N*) 1145.7±25.9 b 164.1±7.0 b 44.9±3.5 b 130.1±2.1 b 100.9±13.3 b 440.0±13.8 b 
Rhizosphere (CK) 1152.9±32.4 b 158.3±7.0 b 31.2±4.6 c 128.6±3.9 b 42.6±4.2 c 360.6±24.0 c 
Bulk (CK) 1161.4±32.1 b 124.4±7.2 c 21.6±3.1 c 107.1±4.1 c 20.1±3.5 c 273.2±13.7 d 
Values represent the mean±SEM (n=7). Different letters in each column indicate significant differences between treatments at the 
P<0.05 level (the treatments in a column compared with each other). N*: urea-added treatment; CK: no urea-added treatment 

Table 5  Acid-hydrolysable N components in paddy soil

Concentration (mg/kg) 
Group 

Total N Ammonium Amino sugar Amino acid Unknown N Total acid- 
hydrolysable N

Rhizosphere (N*) 911.3±16.7 a 188.9±15.5 a 45.9±2.3 a  208.1±13.4 a  196.4±12.5 a 639.4±12.2 a 

Bulk (N*) 955.0±28.1 a 183.8±18.2 a 31.2±2.4 b 163.1±8.9 b 138.3±7.5 b 516.4±13.7 b 

Rhizosphere (CK) 922.5±20.3 a 196.6±11.4 a 23.1±1.2 c 160.5±8.2 b     71.1±10.3 c 451.3±17.1 c 

Bulk (CK) 918.8±20.3 a 171.1±3.4 a 19.5±1.4 c 125.0±7.1 c     38.6±10.0 d 354.1±14.7 d 
Values represent the mean±SEM (n=8). Different letters in each column indicate significant differences between treatments at the P<0.05 
level (the treatments in a column compared with each other). N*: urea-added treatment; CK: no urea-added treatment 
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component pools in rhizosphere and bulk soils of 
typical land use types from southeast China were 
investigated. N is heterogeneously distributed in soil 
(Hodge, 2001). Soil organic N serves both as an im-
portant mineralization substrate and as a direct source 
of N for a variety of plant species in arctic, boreal, 
temperate, Mediterranean, shrubland, and alpine 
ecosystems. Our results indicated that K2SO4-EON 
contents ranged from 11.1 to 33.9 mg/kg (dry weight 
basis) with an average of 21.3 mg/kg. This finding 
was within the range typically found in agricultural 
systems in Europe and China (Murphy et al., 2000; 
Willett et al., 2004; Yang et al., 2007). Generally, 
K2SO4-EON contents were lower than K2SO4-EIN 
contents; however, they constituted more than 30% of 
the K2SO4-TEN pools in the soils. Results showed 
that EON might be a major component of N cycling in 
soils. 

AAs account for the major constituents of the 
low molecular weight EON in soil solution (Jones et 
al., 2005a). Although they occur at low concentra-
tions in soil solutions (Raab et al., 1999; Öhlund and 
Näsholm, 2001; Jones et al., 2005b), given their fast 
turnover rate (1–12 h) and large net fluxes, many 
researchers have suggested that water-extractable AA 
pools in soil solution rival or exceed those of mineral 
N, particularly in cold-temperate forests (Rothstein, 
2009), alpine tundra (Chapin et al., 1993; Raab et al., 
1996), boreal forests (Kielland et al., 2007), and ag-
ricultural fields (Ge et al., 2009; Reeve et al., 2009). 
Therefore, they might serve as an important N source 
for plants. Our results showed that acid-hydrolysable 
AAs contents ranged from 107.0 to 208.1 mg/kg (dry 
weight basis) with an average value of 146.7 mg/kg. 
Acid-hydrolysable AAs constituted more than 10.0% 
of the total N pool in soils but low concentrations of 
water-extractable AAs were found. The water- 
extractable AAs were present in low concentrations in 

soil solutions in comparison to inorganic 4NH -N+  

and 3NO -N−  due to the combined effects of their slow 

production rates and their rapid decomposition by 
microorganisms (Christou et al., 2006). In our study, 
although the concentrations of water-extractable AAs 
in soil solution were low, significant amounts of 
K2SO4-EON might immediately replenish the pool of 
free AAs after its absorption by plants and microor-

ganisms (Fig. 1). AAs, peptides, EON, and 4NH+  can 

be readily adsorbed on the soil’s solid phase, and the 
tightly bound AAs are poorly extracted by water. The 
K2SO4-extractable AA contents were much higher 
than the water-extractable AA contents. It is possible 
that K2SO4 extractant may release AAs from soil 
exchangeable sites. In agricultural soils, Näsholm et 
al. (2009) found that water-extractable AAs ac-
counted for <5.0% of EON pools. Our results showed 
that the K2SO4-extractable AAs constituted 25.0% of 
K2SO4-EON pools and more than 9.0% of TEN pools 
in soils. Therefore, determining the amount of N as-
sociated with both the aqueous and adsorbed N is 
important in assessing the amount of bioavailable N 
in soil. 

4.2  N application and rhizosphere effect 

Our results suggested that N addition had posi-
tive effects on the K2SO4-TEN and extractable AA 
contents in soil solutions. As the application of in-
organic N-fertilizer solubilises soil organic N because 
of its pH effect, the concentrations of organic N 
contents would increase in soils (Chantigny, 2003; 
Ros et al., 2009). AAs might originate from microbial 
and root exudates (Haynes, 2005). The microbial 
community structures might be affected, and the 
microbial biomass may increase and reach a maxi-
mum value within a few days after inorganic 
N-fertilizer application. The enriched soil bacteria 
might decompose through auto digestion or attack by 
other types of microbes. Cell death might temporarily 
lead to large organic N contents in soils (Matsumoto 
and Ae, 2004; McDowell et al., 2004; Jones et al., 
2005b; Ros et al., 2009). 

The rhizosphere is a zone of active interchange 
between plants and soil bacteria (DeAngelis et al., 
2008). Our results indicated that the rhizosphere had 
positive effects on K2SO4-EON and extractable AA 
contents in soils. Root exudates may contribute to 
EON in the rhizosphere. Although they are transient 
in the N pools of soils, the net flow of N would be 
from soil N to plant tissue as plants grow (DeAngelis 
et al., 2008). Concentrations of AAs in soils are also 
affected by their uptake and release both by plant 
roots and various micro-organisms (Näsholm et al., 
2009). In addition, as root exudates could lead to 
rapid microbial biomass turnover, and microbes 
would preferentially decompose the organic acids 
and sugars produced by roots over AAs, the 
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rhizosphere effect may alter the balance of 
plant-microbe competition for AAs in soils (Lipson 
and Näsholm, 2001; Chen and Xu, 2008). Therefore, 
AA concentrations in the rhizosphere may be very 
different from those in bulk soil. 

In contrast, it was found that TEN contents were 
lower in the rhizosphere than in bulk soil in both soil 
types without N addition (Fig. 1c). Root exudates play 
important roles in helping plants adapt to and resist 
environmental stress. Under N stress, root exudates 
could produce organic acids and affect the growth of 
micro-organisms by way of allelopathy. This may 
enhance the hydrolysis of solid organic N to dissolved 
N, and increase the uptake of N by plants, thereby 
enhancing stress resistance (Shi, 2004). 

 
 

5  Conclusions 
 

The results confirm that EON is a major con-
tributor to TEN pools in typical land use soil types 
(garden and paddy soils) under traditional planting 
conditions in southeast China. Although only a small 
proportion of the EON was present in the form of 
water-extractable AAs, the results presented here 
indicate that K2SO4-extractable AAs accounted for 
25.0% of the K2SO4-EON pool and nearly 10.0% of 
the TEN pools in both rhizosphere soils. 
K2SO4-extractable AAs and the release of AAs from 
soil exchangeable sites might be important sources of 
organic N for plant growth. Overall, both 
K2SO4-EON and AA contents had positive correla-
tions with TEN pool contents. Our findings suggest 
that the contents of most forms of organic N were 
significantly greater in rhizosphere than in bulk soils. 
However, it was also apparent that, without N appli-
cation, the TEN pool contents were lower in the 
rhizosphere than in bulk soils. 

 
 

Compliance with ethics guidelines 
 
Xian-you CHEN, Liang-huan WU, Xiao-chuang 

CAO, and Yuan-hong ZHU declare that they have no 
conflict of interest. 

This article does not contain any studies with 
human or animal subjects performed by any of the 
authors. 

References 
Bai, H.Y., Xiao, J.Z., 1998. Experimental Research and Sta-

tistical Analysis. World Book Press, Xi’an, China, 
p.120-128 (in Chinese). 

Bray, R.H., Kurtz, L.T., 1945. Determination of total, organic, 
and available forms of phosphorus in soils. Soil Sci., 
59(1):39-45.  [doi:10.1097/00010694-194501000-00006] 

Bregliani, M.M., Ros, G.H., Temminghoff, E.J.M., van 
Riemsdijk, W.H., 2010. Nitrogen mineralization in soils 
related to initial extractable organic nitrogen: effect of 
temperature and time. Commun. Soil Sci. Plant Anal., 
41(11):1383-1398.  [doi:10.1080/00103621003759387] 

Bremner, J.M., 1965. Organic Forms of Nitrogen. In: Black, 
C.A. (Ed.), Methods of Soil Analysis. American Society 
of Agronomy, Madison, p.1238-1255. 

Cabrera, M.L., Beare, M.H., 1993. Alkaline persulfate oxida-
tion for determining total nitrogen in microbial biomass 
extracts. Soil Sci. Soc. Am. J., 57(4):1007-1012.  [doi:10. 
2136/sssaj1993.03615995005700040021x] 

Chantigny, M.H., 2003. Dissolved and water-extractable or-
ganic matter in soils: a review on the influence of land use 
and management practices. Geoderma, 113(3-4):357-380.  
[doi:10.1016/S0016-7061(02)00370-1] 

Chapin, F.S.III, Moilanen, L., Kielland, K., 1993. Preferential 
use of organic nitrogen for growth by a nonmycorrhizal 
arctic sedge. Nature, 361(6408):150-153.  [doi:10.1038/ 
361150a0] 

Chen, C.R., Xu, Z.H., 2008. Analysis and behavior of soluble 
organic nitrogen in forest soils. J. Soils Sed., 8(6):363-378.  
[doi:10.1007/s11368-008-0044-y] 

Christou, M., Avramides, E.J., Jones, D.L., 2006. Dissolved 
organic nitrogen dynamics in a Mediterranean vineyard 
soil. Soil Biol. Biochem., 38(8):2265-2277.  [doi:10.1016/j. 
soilbio.2006.01.025] 

DeAngelis, K.M., Lindow, S.E., Firestone, M.K., 2008. Bac-
terial quorum sensing and nitrogen cycling in rhizosphere 
soil. Fems. Microbiol. Ecol., 66(2):197-207.  [doi:10. 
1111/j.1574-6941.2008.00550.x] 

Ding, T.P., Tian, S.H., Sun, L., Wu, L.H., Zhou, J.X., Chen, 
Z.Y., 2008. Silicon isotope fractionation between rice 
plants and nutrient solution and its significance to the 
study of the silicon cycle. Geochim. Cosmochim. Acta, 
72(23):5600-5615.  [doi:10.1016/j.gca.2008.09.006] 

Ge, T.D., Song, S.W., Roberts, P., Jones, D.L., Huang, D.F., 
Iwasaki, K., 2009. Amino acids as a nitrogen source for 
tomato seedlings: the use of dual-labeled (13C, 15N) gly-
cine to test for direct uptake by tomato seedlings. Environ. 
Exp. Bot., 66(3):357-361.  [doi:10.1016/j.envexpbot.2009. 
05.004] 

Haynes, R.J., 2005. Labile organic matter fractions as central 
components of the quality of agricultural soils: an over-
view. Adv. Agron., 85:221-268.  [doi:10.1016/S0065- 
2113(04)85005-3] 

Herman, D.J., Johnson, K.K., Jaeger, C.H., Schwartz, E., 
Firestone, M.K., 2006. Root influence on nitrogen  



Chen et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol)  2013 14(4):259-269 
 

268 

mineralization and nitrification in Avena barbata 
rhizosphere soil. Soil Sci. Soc. Am. J., 70(5):1504-1511.  
[doi:10.2136/sssaj2005.0113] 

Hodge, A., 2001. Arbuscular mycorrhizal fungi influence 
decomposition of, but not plant nutrient capture from, 
glycine patches in soil. New Phytol., 151(3):725-734.  
[doi:10.1046/j.0028-646x.2001.00200.x] 

Joergensen, R.G., Brookes, P.C., 1990. Ninhydrin-reactive 
nitrogen measurements of microbial biomass in 0.5 M 
K2SO4 soil extracts. Soil Biol. Biochem., 22(8):1023-1027.  
[doi:10.1016/0038-0717(90)90027-W] 

Jones, D.L., Healey, J.R., Willett, V.B., Farrar, J.F., Hodge, A., 
2005a. Dissolved organic nitrogen uptake by plants— 
an important N uptake pathway? Soil Biol. Biochem., 
37(3):413-423.  [doi:10.1016/j.soilbio.2004.08.008] 

Jones, D.L., Shannon, D., Junvee-Fortune, T., Farrarc, J.F., 
2005b. Plant capture of free amino acids is maximized 
under high soil amino acid concentrations. Soil Biol. 
Biochem., 37(1):179-181.  [doi:10.1016/j.soilbio.2004. 

07.021] 
Ke, Q.M., Lin, W.X., Huang, Z.F., Fang, J.L., Huang, M.Q., 

2005. Simulation on the mathematical model of balanced 
fertilization in Pakchio vegetable crop. Chin. J. Eco- 
Agric., 13(1):119-121 (in Chinese). 

Keeney, D.R., 1982. Nitrogen—Availability Indices. In: Page, 
A.L., Miller, R.H. (Eds.), Methods of Soil Analysis. Part 
2: Chemical and Microbiological Properties. SSSA, 
Madison, p.711-730. 

Keeney, D.R., Nelson, D.W., 1982. Nitrogen—Inorganic 
Forms. In: Page, A.L., Miller, R.H. (Eds.), Methods of 
Soil Analysis. Part 2, 2nd Ed. ASA and SSSA, Madison, 
WI, p.643-698. 

Kelley, K.R., Stevenson, F.J., 1985. Characterization and 
extractability of immobilized 15N from the soil microbial 
biomass. Soil Biol. Biochem., 17(4):517-523.  [doi:10. 

1016/0038-0717(85)90019-7] 
Kielland, K., McFarland, J.W., Ruess, R.W., Olson, K., 2007. 

Rapid cycling of organic nitrogen in taiga forest ecosys-
tems. Ecosystems, 10(3):360-368.  [doi:10.1007/s10021- 

007-9037-8] 
Lipson, D., Näsholm, T., 2001. The unexpected versatility of 

plants: organic nitrogen use and availability in terrestrial 
ecosystems. Oecologia, 128(3):305-316.  [doi:10.1007/ 

s004420100693] 
Lu, R.K., 1999. Soil Chemical Analysis Methods in Agricul-

ture. China Agricultural Sciences and Technical Press, 
Beijing, China (in Chinese). 

Lu, Y.H., Wassmann, R., Neue, H.U., Huang, C.Y., 2000. 
Dynamics of dissolved organic carbon and methane 
emissions in a flooded rice soil. Soil Sci. Soc. Am. J., 
64(6):2011-2017.  [doi:10.2136/sssaj2000.6462011x] 

Matsumoto, S., Ae, N., 2004. Characteristics of extractable 
soil organic nitrogen determined by using various 
chemical solutions and its significance for nitrogen up-

take by crops. Soil Sci. Plant Nutr., 50(1):1-9.  [doi:10. 

1080/00380768.2004.10408446] 

McDowell, W.H., Magill, A.H., Aitkenhead-Peterson, J.A., 
Aber, J.D., Merriam, J.L., Kaushal, S.S., 2004. Effects of 
chronic nitrogen amendment on dissolved organic matter 
and inorganic nitrogen in soil solution. For. Ecol. Man-
age., 196(1):29-41.  [doi:10.1016/j.foreco.2004.03.010] 

Murphy, D.V., Macdonald, A.J., Stockdale, E.A., Goulding, 
K.W.T., Fortune, S., Gaunt, J.L., Poulton, P.R., Wake-
field, J.A., Webster, C.P., Wilmer, W.S., 2000. Soluble 
organic nitrogen in agricultural soils. Biol. Fert. Soils, 
30(5-6):374-387.  [doi:10.1007/s003740050018] 

Näsholm, T., Kielland, K., Ganeteg, U., 2009. Uptake of or-
ganic nitrogen by plants. New Phytol., 182(1):31-48.  
[doi:10.1111/j.1469-8137.2008.02751.x] 

Öhlund, J., Näsholm, T., 2001. Growth of conifer seedlings on 
organic and inorganic nitrogen sources. Tree Physiol., 
21(18):1319-1326.  [doi:10.1093/treephys/21.18.1319] 

Olsen, S.R., Cole, C.V., Watanabe, F.S., Dean, L.A., 1954. 
Estimation of Available Phosphorus in Soils by Extrac-
tion with Sodium Bicarbonate. USDA Circular 939. US 
Department of Agriculture, Washington, DC, USA, 
p.1-18. 

Raab, T.K., Lipson, D.A., Monson, R.K., 1996. Non- 
mycorrhizal uptake of amino acids by roots of the alpine 
sedge Kobresia myosuroides: implications for the alpine 
nitrogen cycle. Oecologia, 108(3):488-494.  [doi:10. 

1007/BF00333725] 
Raab, T.K., Lipson, D.A., Monson, R.K., 1999. Soil amino acid 

utilization among species of the Cyperaceae: plant and soil 
processes. Ecology, 80(7):2408-2419.  [doi:10.1890/0012- 

9658(1999)080[2408:SAAUAS]2.0.CO;2] 
Reeve, J.R., Smith, J.L., Carpenter-Boggs, L., Reganold, J.P., 

2009. Glycine, nitrate, and ammonium uptake by classic 
and modern wheat varieties in a short-term microcosm 
study. Biol. Fert. Soils, 45(7):723-732.  [doi:10.1007/ 

s00374-009-0383-x] 
Ros, G.H., Hoffland, E., van Kessel, C., Temminghoff, E.J.M., 

2009. Extractable and dissolved soil organic nitrogen: a 
quantitative assessment. Soil Biol. Biochem., 41(6): 
1029-1039.  [doi:10.1016/j.soilbio.2009.01.011] 

Rothstein, D.E., 2009. Soil amino-acid availability across a 
temperate-forest fertility gradient. Biogeochemistry, 
92(3):201-205.  [doi:10.1007/s10533-009-9284-1] 

Russell, R.S., 1982. Plant Root Systems, 1st Ed. McGraw-Hill, 
p.214. 

Shi, G.R., 2004. Ecological effects of plant root exudates. Chin. 
J. Ecol., 23(1):97-101 (in Chinese). 

Stevenson, F.J., 1982. Nitrogen-Organic Forms. In: Page, A.L. 
(Ed.), Methods of Soil Analysis, Part 2. Madison, WI, 
American Society Agronomy, p.625-641. 

Stevenson, F.J., 1994. Humus Chemistry: Genesis, Composi-
tion, Reactions. John Wiley and Sons Inc., New York, 
p.443. 



Chen et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol)  2013 14(4):259-269 
 

269

Willett, V.B., Green, J.J., Macdonald, A.J., Baddeley, J.A., 
Cadisch, G., Francis, S.M.J., Goulding, K.W.T., Saunders, 
G., Stockdale, E.A., Watson, C.A., et al., 2004. Impact of 
land use on soluble organic nitrogen in soil. Water Air Soil 
Poll., 4(6):53-60.  [doi:10.1007/s11267-004-3013-5] 

Wu, L.H., Mo, L.Y., Fan, Z.L., Tao, Q.N., Zhang, F.S., 2005. 
Absorption of glycine by three agricultural species under 
sterile sand culture conditions. Pedosphere, 15(3):286-292.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Yang, R., Yan, D.Y., Zhou, J.B., Wang, W.X., Ma, Q.A., 2007. 
Soluble organic nitrogen (SON) in different soils on the 
loess plateau of China. Acta Ecol. Sin., 27(4):1397- 
1403 (in Chinese). 

Zheng, S.A., Zhang, M.K., 2011. Effect of moisture regime on 
the redistribution of heavy metals in paddy soil. J. Envi-
ron. Sci.-China, 23(3):434-443.  [doi:10.1016/S1001- 
0742(10)60428-7] 

 

Recommended paper related to this topic 
 
Changes of paired-pulse evoked responses during the development of epileptic 
activity in the hippocampus 
Authors: Zhou-yan FENG, Xiao-jing ZHENG, Cong TIAN, Yang WANG, Hao-yu XING 

doi:10.1631/jzus.B1000316 
J. Zhejiang Univ.-Sci. B (Biomed. & Biotechnol.), 2011 Vol.12 No.9 P.704-711 
 

Abstract: Dysfunction of inhibitory synaptic transmission can destroy the balance between excitatory and 
inhibitory synaptic inputs in neurons, thereby inducing epileptic activity. The aim of the paper is to investigate 
the effects of successive excitatory inputs on the epileptic activity induced in the absence of inhibitions. 
Paired-pulse orthodromic and antidromic stimulations were used to test the changes in the evoked responses in 
the hippocampus. Picrotoxin (PTX), γ-aminobutyric acid (GABA) type A (GABAA) receptor antagonist, was 
added to block the inhibitory synaptic transmission and to establish the epileptic model. Extracellular evoked 
population spike (PS) was recorded in the CA1 region of the hippocampus. The results showed that the ap-
plication of PTX induced a biphasic change in the paired-pulse ratio of PS amplitude. A short latency increase 
of the second PS (PS2) was later followed by a reappearance of PS2 depression. This type of depression was 
observed in both orthodromic and antidromic paired-pulse responses, whereas the GABAergic PS2 depression 
[called paired-pulse depression (PPD)] during baseline recordings only appeared in orthodromic-evoked re-
sponses. In addition, the depression duration at approximately 100 ms was consistent with a relative silent 
period observed within spontaneous burst discharges induced by prolonged application of PTX. In conclusion, 
the neurons may ignore the excitatory inputs and intrinsically generate bursts during epileptic activity. The 
depolarization block could be the mechanisms underlying the PPD in the absence of GABAA inhibitions. The 
distinct neuronal responses to stimulations during different epileptic stages may implicate the different an-
tiepileptic effects of electrical stimulation. 

 


