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a b s t r a c t

Soil surface electrochemical properties may have a strong influence on nitrifying microorganisms, Hþ

and NH4
þ activities, and therefore on the nitrification process. A gradient of surface electrochemical

parameters was obtained by amendment of a subtropical acid pine soil (Oxisol) with 0% (control), 3%, 5%,
8%, 10% and 12% pure Ca-Montmorillonite by weight. The Hþ and NH4

þ activities, the abundance of the
ammonia-oxidizing bacterial (AOB) and archaeal (AOA) amoA gene copies, and time-dependent kinetics
of net nitrification were investigated. Soil particle surface specific area ranged from 53 to 103 m2 g�1 and
increased with increasing montmorillonite application rate. Similar to specific area, surface charge
quantity, surface charge density, electric field strength and surface potential increased after montmo-
rillonite amendment. The Hþ and NH4

þ activities decreased linearly after montmorillonite addition. AOB
amoA gene copy number was 1.82 � 105 copies g�1 for unamended soil, and the highest AOB amoA gene
copy numbers were found for the 10% montmorillonite amendment (3.11 � 107 g�1 soil), which was
more than 150 times higher than unamended soil. AOA amoA gene copy numbers were
9.19 � 103 copies g�1 dry unamended soil, and the highest AOA amoA gene copy numbers were found in
the 8% montmorillonite amendment (1.22 � 105 g�1 soil). Although pH significantly decreased during the
first three weeks of incubation, no significant difference was observed between the unamended control
and different rates of montmorillonite addition treatments during the whole incubation. The largest net
nitrification (103 mg N kg�1) was observed in the 10% montmorillonite amendment and the lowest in
unamended soil (62 mg N kg�1). While montmorillonite did not change the kinetic patterns of net
nitrification, the highest nitrification potential (275 mg N kg�1) for the 10% montmorillonite treatment
was more than 3 times higher than unamended soil from simulation of time-dependent kinetics.
Nitrification was significantly stimulated after montmorillonite amendment in acid soil mainly due to an
increase in the quantity and activity of AOB and AOA. We concluded that soil particle surface parameters
can significantly influence nitrification, especially in acid soils.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Great variation of nitrification in acid soils has been reported
(De Boer and Kowalchuk, 2001; Bottomley et al., 2004; Nugroho
et al., 2009), but the mechanisms are not entirely clear. Differ-
ences in the occurrence of nitrification and net nitrification rates
can be explained by abiotic factors including pH and N availability

(Bäckman et al., 2003; Compton et al., 2004; Nugroho et al., 2005,
2007; Tolli and King, 2005). Although nitrification in soil is highly
sensitive to pH (Strayer et al., 1981; Paul and Clark, 1989; Curtin
et al., 1998), variation of net nitrification rates in acid soils cannot
be explained solely by soil pH since these values do not differ
significantly between soils showing low and high net nitrification
rates (Nugroho et al., 2005). The NH4

þeN availability also does not
constrain net nitrification in these soils, as some acid soils showing
high NH4

þeN concentrations do not exhibit net nitrification
(Nugroho et al., 2007; Zhao et al., 2007).

Differences in nitrification could also be driven by biotic factors
such as the composition of the soil bacterial community (Balser and
Firestone, 2005; De Boer and Kester, 1996; De Boer et al., 1996;
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Wheatley et al., 2003). Community members can have specific
positive or negative effects on the growth and activity of nitrifying
bacteria. For example, chitinolytic soil bacteria can produce anti-
biotics against nitrifying bacteria (De Boer et al., 1996), and
ammonia-oxidizing bacteria (AOB) are poor competitors for NH4

þ

relative to NH4-assimilating heterotrophs when NH4 is limiting
(van Niel et al., 1993; Verhagen and Laanbroek, 1991; Verhagen
et al., 1992). Recently, Nugroho et al. (2009) examined the bacte-
rial community structure and interactions betweenmembers of the
bacterial community in acid forest soils to see if they prohibited
growth of ammonia-oxidizing microorganisms and reduced their
nitrifying activity. They concluded that low net nitrification rates in
acid Scots pine forest soils cannot be solely explained by unfavor-
able abiotic soil conditions, but that still unknown biotic factors
contributed to suppression of nitrification (Nugroho et al., 2009).
However, the most important biotic factor in nitrification is often
the nitrifying microorganisms themselves. Historically, microbial
ammonia oxidation was thought to have been performed by NH4-
oxidizing bacteria (AOB) and only bacteria that possess the amoA
gene for the ammonia monooxygenase (AMO), the key enzyme of
nitrification (Arp et al., 2002; Koops et al., 2007; Di et al., 2009; Jia
and Conrad, 2009). However, ammonia-oxidizing archaea (AOA)
have been reported to possess the amoA gene (Francis et al., 2005;
Leininger et al., 2006; Wuchter et al., 2006; Lam et al., 2007), and
the AOA amoA gene copies can be much higher than AOB in soil
(Schleper et al., 2005; Leininger et al., 2006; Roesch et al., 2007;
Nugroho et al., 2009), which indicate that AOA plays an impor-
tant role in nitrification.

Soil particle surface electrochemical properties may also play
a critical role in nitrification in acid soils. The net negative charge
could be as high as 1018 g�1 for a soil with CEC of 1 cmol (þ) kg�1

soil. If the specific area of this soil is 100 m2 g�1, the net negative
charge will be 1012 per cm2 of soil surface (Sparks, 1999). Therefore,
a strong electric field could be expected around soil particles and
soil solution. As a result, the activities of Hþ and NH4

þ will be af-
fected by soil particle surface electrochemical properties. Further-
more, most of the nitrifying microorganisms are attached to soil
surfaces (Aakra et al., 2000), and this kind of attachment stimulates
nitrification (Keen and Prosser, 1987). Although the importance of
soil surface electrochemical parameters in nitrification is
acknowledged, no quantitative information related to soil particle
surface electrochemical parameters, and their effects on nitrifying
microorganisms and nitrification, is available.

Here, we hypothesize that soil particle surface electrochemical
properties have strong effects on nitrifying microorganisms and Hþ

and NH4
þ activities, and therefore on the nitrification process. The

aim of this study was to investigate soil particle surface electro-
chemical parameters and their effects on nitrifyingmicroorganisms
and nitrification in acid soils.

2. Materials and methods

2.1. Soil sampling

Soil samples were collected from a pine forest soil (Oxisol)
derived from a sandstone parent soil in Jingyun Mountain,
Chongqing, China. In this region, the annual mean temperature
ranged from 14 to 19 �C and rainfall from 1000 to 1400 mm. Soils
were sandeloam with a clay content of 14.7%, with the clay
minerals being kaolinite, illite, and oxidate. Samples were air-dried,
ground to pass a 1-mm sieve, and split into subsamples. Selected
soil properties analyzed were: CEC¼ 8.2 cmol kg�1, pH (H2O)¼ 5.2,
organic C ¼ 22.4 g kg�1, total N ¼ 1.7 g kg�1, NH4

þeN ¼ 8.9 mg kg�1,
NO3

�eN ¼ 6.5 mg kg�1. Soil specific surface area was 52.9 m2 g�1

and the surface electric potential was �110 mV.

Different surface property subsamples were prepared by
amendment with 0% (unamended), 3%, 5%, 8%, 10% and 12% pure
Ca-Montmorillonite by weight. The properties of Montmoril-
lonite were: CEC ¼ 86.4 cmo1 kg�1, pH ¼ 7.6 and surface
area ¼ 510 m2 g�1. Subsamples were mixed thoroughly with
Montmorillonite and pH was measured after one week. Then, soil
pH was repeatedly adjusted to 5.2 in a soil to water ratio of 1:1 (v/
v) by addition of 0.1 M HCl, and subsamples were air-dried and
ground to pass a 1-mm sieve and stored at 4 �C for 6 months
before use.

2.2. Treatment and incubation

For each subsample, 100 g soil was added to 20 plastic bottles
(250 ml). Distilled water was added to adjust the moisture content
to 20% by weight (similar to the field moisture content). All bottles
were covered with polyethylene film punctured with needle holes
to maintain aerobic conditions, and pre-incubated at 28 �C in the
dark for 7 days. The loss of water through evaporation was
compensated by addition of distilled water daily. Then,100mg kg�1

(NH4)2SO4 was applied to each bottle for different rates of mont-
morillonite treatment from 0 to 12%. On days 0, 7,14, 21 and 28, four
replicate bottles of each treatment were randomly selected and soil
extracted by shaking for 1 h with 75 ml of 2 M KCl (Zhao et al.,
2007). The resultant analyses of mineral N were performed color-
imetrically with a Skalar continuous-flow analyzer. Soil pH was
measured in a soil to water ratio of 1:1 (v/v) using a digital type of
DMP-2 mV/pH meter.

2.3. Chemical analyses

Soil properties, including surface electrochemical property and
Hþ and NH4

þ activities, were measured before pre-incubation. Soil
cation exchange capacity (CEC) was measured with the method
suggested by Low (1980). Soil surface specific area (SSA) was
determined by the ethylene glycol monoethyl ether (EGME)
method (Heilman et al., 1965; Carter et al., 1986), and surface
charge quantity, surface charge density, electric field strength and
surface potential were calculated using the following equations (Li
et al., 2004; Hou et al., 2009).

c ¼ NN

V
(1)

Here, NN ¼ CEC/Zi, where Zi is the charge number of ith cation
species; V is the volume of diffuse layer and equals S/k, where S is
the specific surface area and k is the DebyeeHuckel parameter.

(2) Soil particle surface potential:

f0 ¼ RT
ZF

ln
�
4
�c0
c

�2�
(2)

(3) Soil particle surface charge density:

s0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2RTεc0

p

r
sinh

ZFf0
2RT

(3)

(4) Soil particle surface electric field strength:

E0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
32RTpc0

ε

r
sinh

ZFf0
2RT

(4)

The Hþ activity was measured by a pH meter; and NH4
þ activity

(effective concentration in soil solution) was measured using the
method of Wang and Alva (2000) after addition of 100 mg kg�1

(NH4)2SO4. Briefly, equilibrating solutions were prepared contain-
ing 5 � 10�3 M CaCl2. Samples (5 g, in triplicate) were taken and
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placed into 100 ml polystyrene tubes, and 25 ml of equilibrating
solution was added to each tube. The samples were shaken for 6 h
at 90 strokes min�1 and at 25 � 1 �C. After shaking, the suspension
was centrifuged and the supernatant filtered. The filtered solution
was analyzed for Ca and Mg ions by inductively coupled plasma
emission spectroscopy, and for NH4

þ using the indophenol blue
spectrophotometric method. The electrical conductivity (EC) of the
filtered solution was determined and ionic strength (IS) calculated
using the relationship: IS (mol L�1) ¼ 0.013 � EC (dS m�1) (Griffin
and Jurinak, 1973; Alva et al., 1991). NH4

þ activity was calculated
from the Davies equation using ionic strength and ion concentra-
tion data (Bohn et al., 1985).

Davies equation : lggi ¼ �AZ2i

 
I1=2

1þ I1=2
� 0:3I

!
(5)

NHþ
4 activities : a ¼ gic (6)

2.4. Real-time PCR quantification of amoA genes for AOB and AOA

Copies ofamoAgenes forAOBandAOAweredetermined right after
7-day’s pre-incubation for subsamples include different addition rates
of montmorillonite and unamended control. Real-time quantitative
PCR of amoA genes was performed to estimate the abundance of the
ammonia-oxidizing bacterial and archaeal communities, respectively.
The primers amoA-1F (50-GGGGTTTCTACTGGTGGT-30) and amoA-
2R (50-CCCCTCKGSAAAGCCTTCTTC-30) were used for ammonia-
oxidizing bacteria generating a 491 bp fragment; Arch-amoAF (50-
STAATGGTCTGGCTTAGACG-30) and Arch-amoAR (50-GCGGCCATC-
CATCTGTATGT-30) were used for ammonia-oxidizing archaea gener-
ating a 635 bp fragment (Beman and Francis, 2006). Quantification
was based on the fluorescence intensity of the SYBR Green dye and
reactions for each sample were carried out in a Bio-Rad CFX-96
thermal cycler. The quantification of amoA genes was performed in
a total volume of 25 ml reaction mixtures by using12.5 ml of SYBR
Premix Ex Taq� as described by the suppliers (Takara Bio, Otsu, Shiga,
Japan), 0.25 ml of each primer (50 mm), 1 ml of soil DNA template, with
a final content of 1e10 hg in each reaction mixture, and 11 ml ddH2O.
The fragments for the AOB and AOA were both amplified using an
initial denaturation stepat 95 �C for 3min, followedby35cyclesof 30 s
at 95 �C, 30 s at 55 �C, and respectively 30 s at 72 �C for AOB, 45 s at
72 �C for AOA with plate reading. All reactions were finished with
amelting curve starting at 65 �Cwith an increase of 0.5 �C up to 95 �C
to verify amplicon specificity. The PCR reaction runs had an efficiency
of 90% and 94% for the AOB and AOA, respectively. Standard curves for
the AOB and AOA were obtained using serial dilutions of linearized
plasmids (pGEM-T, Promega) containing cloned amoA genes amplified
from environmental clones (r2 > 0.995 for both standard curves).

2.5. Data analyses

The changes in NO3
�eN content with incubation time were

modeled with a first-order reaction kinetic model, expressed as

NNO3
¼ N0 þ Npð1� expð�k1tÞÞ, or by a zero-order reaction

kinetic model, expressed as NNO3
¼ N0 þ k0t. Where NNO3

was
NO3

�eN content at incubation time t; N0 was NO3
�eN content after

pre-incubation (t ¼ 0); Np was nitrification potential; and k1 and k0
were rate constants of first- and zero-order reactions, respectively.

Data (measured or calculated) were subjected to one-way
ANOVA and mean values were separated using Duncan’s New
Multiple Range Test at p < 0.05. All statistical analyses were per-
formed by the SPSS statistical package.

3. Results

3.1. Soil surface electrochemical properties after different rates
of montmorillonite amendment

Soil surface electrochemical properties including surface
specific area, surface charge quantity, surface charge density,
electric field strength, and surface potential were listed in Table 1
after 0e12% (m/m) of montmorillonite amendment. Surface
specific area was 52.9 m2 g�1 in unamended soil, and increased as
the rate of montmorillonite amendment increased. The difference
was not significant except for the 8% rate (61.4 m2 g�1). However,
specific area increased significantly from 8% to 10%, which were
39.6% higher than for unamended soil and 21.3% higher than for the
8% amendment. Surface specific area was highest at the 12% rate
(102.4 m2 g�1), which was 93.5% higher than unamended soil and
38.6% higher than at 10% amendment (F ¼ 17.96, p < 0.001).

The soil surface charge ranged from 1.68 to 6.29 � 1019 g�1 dry
soil, which showed a similar trend to specific area after different
rates of montmorillonite amendment (F ¼ 24.6, p < 0.001).
Surface charge density ranged from �5.10 to �9.85 � 10�2 C m2

(F ¼ 16.3, p < 0.001), electric field strength ranged from �7.20
to �13.9 � 107 J m�1 C�1 (F ¼ 17.1, p < 0.001), and surface
potential ranged from �114 to �131 mV (F ¼ 12.0, p < 0.001). All
soil electrochemical parameters showed similar trends to specific
area, increasing with increasing rate of montmorillonite
amendment and the differences turned significant when the rate
increased to 8%, then increased sharply to 10% and 12% of
montmorillonite amendment.

3.2. Hþ and NH4
þ activities after different rates

of montmorillonite amendment

Soil pH increased linearly after 0e12% of montmorillonite
amendment, fitting the following equation: y ¼ 6.86x þ 5.26, with
r2 ¼ 0.97 (n ¼ 18). Soil pH ranged from 5.20 (unamended soil) to
6.04 (12% montmorillonite amendment), indicating that the
activity of Hþ decreased linearly after 0e12% of montmorillonite
amendment (Fig. 1).

The NH4
þ activities ranged from 11.9 (unamended soil) to

9.60mg L�1 (12%montmorillonite amendment). Similar to Hþ, NH4
þ

activities decreased linearly after 0e12% (m/m) of amendment. The
curve fit the following equation: y ¼ �20.3x þ 12.2, with r2 ¼ 0.93
(n ¼ 18) (Fig. 1).

Table 1
Soil surface properties after Montmorillonite amendment.

Mont. (%) CEC (cmol/kg) Specific area (m2/g) Charge quantity (�1019/g) Charge density Electric field strength
(�107 J/m C)

Potential (mV)

0 2.80 � 0.66 52.9 � 3.0 1.68 � 0.27 �5.10 � 0.36 �7.2 � 0.21 �114 � 0.7
3 3.10 � 0.79 54.8 � 2.8 1.87 � 0.29 �5.46 � 0.19 �7.57 � 0.21 �115 � 0.6
5 3.39 � 0.73 58.3 � 2.9 2.04 � 0.23 �5.61 � 0.24 �7.92 � 0.25 �117 � 0.7
8 3.76 � 0.92 61.4 � 3.2 2.26 � 0.25 �5.91 � 0.29 �8.35 � 0.29 �118 � 0.9
10 5.44 � 1.1 73.8 � 2.7 3.27 � 0.20 �7.11 � 0.16 �10.0 � 0.21 �123 � 0.4
12 10.5 � 1.41 102.4 � 3.4 6.29 � 0.32 �9.85 � 0.22 �13.9 � 0.28 �131 � 0.8

Values behind � represent standard deviation.
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3.3. Abundance of ammonia-oxidizing bacterial (AOB) and
ammonia-oxidizing archaeal (AOA) amoA gene copies after
different rates of montmorillonite amendment

Abundance of AOB and AOA were estimated by quantifying
their respective amoA gene copy numbers. The AOB amoA gene
copy numbers was 1.82 � 105 copies g�1 dry soil for unamended
soil, and increased as the rate of montmorillonite amendment
increased from 0 to 10% (Fig. 2). The highest AOB amoA gene copy
numbers were found in the 10% of montmorillonite amendment
(3.11 � 107 g�1 soil) which was more than 150 times higher than
unamended soil. Then, AOB amoA gene copy numbers decreased
to 2.64 � 107 g�1 soil for the 12% amendment. A similar trend was
also found for AOA amoA gene copies (Fig. 3). AOA amoA gene copy
numbers were 9.19 � 103 copies g�1 dry soil for unamended soil,
and increased as the rate of montmorillonite increased from 0 to
8% (F ¼ 2250, p < 0.001). The highest AOA amoA gene copy
numbers were in the 8% amendment treatment (1.22 � 105 g�1

soil). Then, AOA amoA gene copies decreased to 9.05 and
5.24 � 104 g�1 soil for 10 and 12% amendment respectively. AOB
amoA gene copies were significantly higher than AOA (F ¼ 109.2,
p < 0.001).

3.4. pH change during incubation

Soil pH was adjusted to 5.2 (equivalent to unamended control)
before incubation to eliminate pH differences among different
Montmorillonite treatments. The pH change during 28 days’ incu-
bation was shown in Fig. 3. After pre-incubation, pH ranged from
5.19 to 5.25 for the control and different rates of Montmorillonite
addition (p > 0.05). The pH significantly decreased for the control
and all montmorillonite treatments during the first three weeks of
incubation. Statistical analysis indicated significant differences in
pH between day 0 and day 21 (p < 0.05), and pH was stable from
day 21 to the end of the incubation (p > 0.05). No significant
difference was observed between the unamended control and
different rates of montmorillonite addition treatments during the
whole incubation (p > 0.05).

3.5. Time-dependent kinetics of NO3
�eN accumulation

during incubation

The NO3
�eN accumulation rate increased for unamended soil

and all treatments from day 0 to 28 (Fig. 4). All treatments with
montmorillonite had significant higher net NO3

� accumulation than
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unamended soil starting the second week of incubation (p < 0.05),
while no significant difference was observed among montmoril-
lonite treatments in the first two weeks of incubation (p > 0.05).
The differences among treatments became significant and greater
at the end of incubation in the following sequence: 10%, 8% and
5% > 12% > 3% > control (Fig. 4, p < 0.05).

The largest net nitrification (103mg kg�1) was observed in the 10%
treatment and the lowest for unamended soil (62mg kg�1). However,
all montmorillonite-amended soils, and unamended soil, showed
similar patterns of net nitrification. Regression analysis showed that
the time course of net NO3

� accumulation was best fitted by a first-
order kinetic model of NNO3

¼ N0 þ Npð1� expð�k1tÞÞ for all treat-
ments (p < 0.05, Table 2). Here, NNO3

was NO3
�eN content at incu-

bation time t; N0 was NO3
�eN content after pre-incubation (t¼ 0); Np

was nitrification potential; and k1 was rate constant of first-order
reaction. Although montmorillonite amendment did not alter the
time-dependent kinetic model of net NO3

� accumulation during
incubation, the parameters of the simulatedmodel changed (Table 2).
Nitrification potential increased after montmorillonite amendment.
Simulated nitrification potential ranged from 80.5 to 275 mg kg�1,
with the highest rates at 10%. Significant negative correlations were
found between nitrification potential and rate constant K1 by Pearson
correlation analysis (r ¼ �0.924, n ¼ 6) (Table 3).

4. Discussion

Present results provide evidence to support our hypothesis that
the nitrification process in this soil was significantly affected by soil

particle surface parameters. Although pH was significantly altered
by Ca-montmorillonite amendment, pH was adjusted to the same
as the unamended control before incubation. One may argue that
Ca addition with montmorillonite amendment may have some
side-effects on nitrification in acid soils because Ca will increase
base saturation and change pH buffering capacity. However, in the
present study, either the concentration of Ca in soil (or soil solu-
tion) or the base saturation were not significantly altered by Ca
addition with montmorillonite amendment. pH buffering capacity
increased by montmorillonite amendment, mainly due to CEC
increases. Stotzky and Rem (1966) found that respiration of bacteria
was stimulated by montmorillonite, primarily as a result of main-
taining the pH at levels adequate for sustained growth. However,
this seems unlikely in our study because pH did not show signifi-
cant differences between control and montmorillonite treatments
throughout the whole incubation experiment. This is because
higher rates of montmorillonite treatments support higher nitrifi-
cation rates which decreased soil pH. On the other hand, higher
rates of montmorillonite treatments also increased the soil pH
buffering capacity. As a result, pH did not show significant differ-
ences between unamended soil and montmorillonite treatments
during the nitrification process. Therefore, results from the nitrifi-
cation incubation presented here could be mainly attributed to
changes in soil particle surface parameters by montmorillonite
amendment.

The activity of Hþ (pH), NH4
þ, and nitrifying microorganisms are

strongly affected by soil particle surface parameters. Soil surface
properties including surface specific area, surface charge quantity,
surface charge density, electric field strength and surface potential
increased after montmorillonite amendment. Meanwhile, mont-
morillonite amendment significantly increased AOB and AOA amoA
gene copies (Fig. 2). The amoA gene encodes a subunit of the
ammonia monooxygenase (AMO), the key enzyme responsible for
the first step of the nitrification process (Arp et al., 2002; Koops
et al., 2007; Di et al., 2009). Increases in amoA gene copies
increased nitrification, which were clearly demonstrated in the
incubation study (Fig. 4). The highest nitrification potential was
275 mg kg�1 for 10% montmorillonite treatment, which was more
than 3 times higher than unamended soil from simulation of time-
dependent kinetics (Table 2). This indicated that nitrification rates
would be 3 times higher for the 10% montmorillonite treatment
than unamended soil when substrates (NH3) were sufficient.
Pioneer research reported that soil surfaces were the major sites of
microbial activity in natural environments and attached bacteria
were often more active than free cells (van Loosdrecht et al., 1990).
Soil particle surface specific area was increased by montmorillonite
amendment, which will increase attachment potential of nitrifying
microorganisms, which in turn enhances nitrifyingmicroorganisms’
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Table 2
Parameters of first-order kinetics fitting NO3

� accumulation during 28 days of
incubation.

Mont. amendment N0 k1 (day�1) Np (mg kg�1) R2

0% 15.2 0.0654 80.5 0.966*
3% 12.9 0.0400 134 0.980*
5% 13.3 0.0290 186 0.985*
8% 15.4 0.0285 193 0.988*
10% 14.7 0.0187 275 0.975*
12% 15.0 0.0294 173 0.968*

N0 was NO3
�eN content after pre-incubation (t ¼ 0); Np was nitrification potential;

and k1 was the rate constant of first-order reaction.
* indicates significance at p < 0.05 level.

Table 3
Pearson correlations between different parameters.

AOA AOB NH4
þ

activity
N0 Charge

density
K1 Np

AOA 1
AOB 0.81 1
NH4

þ

activity
�0.59 �0.933** 1

N0 0.59 0.57 �0.9 1
Charge

density
�0.28 �0.73 0.901* �0.32 1

K1 �0.62 �0.69 0.73 0.1 0.47 1
Np 0.68 0.75 �0.71 0.06 �0.36 �0.924** 1

AOA, ammonia-oxidizing archaeal amoA gene copies; AOB, ammonia-oxidizing
bacterial amoA gene copies.
Np; nitrification potential; K1, rate constant of first-order reaction.
* indicates p < 0.05; ** indicates p < 0.01 significance.
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growth rate and activity (Tappe et al., 1999). Keen and Prosser (1987)
also reported a 25% increased growth rate for Nitrobacter cells
attached to glass.

Bacterial quorum sensing (QS) is a form of cell density-
dependent population behavior, as many bacterial behaviors are
regulated by quorum sensing, including enzyme, symbiosis, viru-
lence, antibiotic production and biofilm formation (Schauder and
Bassler, 2001). Bacteria in sufficiently dense populations perform
many ecologically relevant behaviors that less concentrated cells do
not. An acid sensitive Nitrosospira strain can adapt to growth and
nitrification at pH 4, and these adapted cells could only retain their
activity at low pHwhen present at high cell densities (De Boer et al.,
1995). Kristen et al. (2008) also reported that bacterial employ QS in
N mineralization in the rhizosphere. The results may imply that
nitrifying microorganisms include AOA and AOB are capable of QS.
In the present study, the highest amoA gene copy numbers of AOA
and AOB were observed at 8% and 10% of montmorillonite
amendment, respectively, instead of a continuous increase for 12%
addition. According to the microbial economic theory (Koch, 1985),
it is possible that AOA and AOB may employ QS to control their
populations and density to fit the microenvironment.

Apart from surface attachment, soil surface electrochemical
properties such as surface charge, may also play an important role
in bacterial growth and activity. The soil surface charge ranged from
1.68 to 6.29 � 1019 g�1 dry soil, and electric field strength range
from �7.20 to �13.9 � 107 J m�1 C�1. This indicates a very strong
electric field exists at the interface between soil particles and soil
solution where soil microorganisms live. It is surmised that the
behavior of microorganisms will be affected by sorption and
retention in this strong electric field, although the mechanisms are
complex.

The present study also demonstrated that Hþ and NH4
þ activities

decreased linearly after montmorillonite amendment (Fig. 1). The
decrease in Hþ activity means that pH increases will stimulate
nitrification (De Boer and Kowalchuk, 2001; Aciego Pietri and
Brookes, 2008) while the decrease in NH4

þ availability may
suppress nitrification in some acid soils (Ross and Hales, 2003).
However, a significant negative correlation was observed between
NH4

þ activity and AOB amoA gene copies (Table 3). The key enzyme
for chemolithotrophic ammonium oxidation is the membrane-
bound AMO for which ammonia (NH3), rather than ammonium
(NH4

þ), is the substrate (Suzuki et al., 1974). The availability of NH3
decreases exponentially with decreasing pH, meaning less avail-
ability of substrates for autotrophic nitrification exist in acid soils.
The mechanism of NH4

þ conversion to NH3 (chemical process or
biological process) is not known yet during the process of nitrifi-
cation in acid soils (Jiang and Bakken, 1999; De Boer and
Kowalchuk, 2001). Lees and Quastel (1946) even concluded that
nitrification in soil took place wholly at the soil surface where NH4

þ

was combined or adsorbed, while Goldberg and Gainey (1955)
reported nitrification was more related to the quantity of unad-
sorbed NH4

þ or free NH4
þ. Asmost of the nitrifiers are attached to soil

surfaces (Aakra et al., 2000), it is easier to access substrates
absorbed by soil particles than free in solution. Therefore, it is
possible that the decrease in NH4

þ activity in soil solution may
indicate greater NH4

þ bioavailability.

5. Conclusions

Soil surface electrochemical parameters including surface
specific area, surface charge quantity, surface charge density,
electric field strength and surface potential increased after mont-
morillonite amendment. Nitrification was significantly stimulated
after montmorillonite amendment in acid soil mainly due to
increases in the quantity and activity of AOB and AOA. A net

nitrification kinetics model was not changed by soil surface elec-
trochemical properties. The chemical activity of NH4

þ decreased
linearly with increasing rate of montmorillonite addition, but its
bioavailability increased to nitrifying microorganisms in acid soils.
We concluded that soil particle surface parameters can significantly
influence nitrification, especially in acid soils.
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