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Abstract
Background and Aims Soil mineralization, nitrifica-
tion, and dynamic changes in abundance of ammonia-
oxidizing bacteria (AOB) and archaea (AOA) were
studied to validate our hypothesis that soil mineraliza-
tion and nitrification decreased along the chronose-
quence of rice cultivation.
Methods Paddy soils with a 300, 700 and 2000-year
cultivation history (P300, P700 and P2000) were se-
lected to study net mineralization and nitrification
processes. Dynamic abundance of AOB and AOA

was estimated by quantifying their respective amoA
gene copies.
Results The net mineralization rate was higher for
P300 than P700 and P2000. Potential nitrification
(Np) and average nitrification rates (Va) were similar
for P300 and P700 soils, but the simulated potential
nitrification rate (Vp) and nitrification rate (k1) was
72 % and 88 % higher for P300 than P700, respec-
tively. Va was about 70 % lower than for P2000 than
P300 and P700. AOB amoA gene copies were higher
for P300 than P700 and P2000, whereas AOA abun-
dance did not show significant differences. AOB
abundance showed a positive response to NH4 supply
but AOA did not.
Conclusions Both N mineralization and nitrification
were depressed with increased cultivation time. Ar-
chaea responded to mineralization positively rather
than nitrification, which suggested that readily miner-
alized organic matter may play an important role in
AOA.

Keywords N availability . Paddy . Soil sustainability .

amoA gene

Introduction

Rice is the most important crop for more than 50 % of
the world's population, and is grown on almost 155
million ha in the world (Kögel-Knabner et al. 2010).
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Despite its contribution to the global food supply, little
is known about the longer-term effects of intensified rice
cropping on soil properties that govern productivity
(Olk et al. 1996). In particular, the most common
yield-limiting factor is the availability of N in paddy
soils (Cassman et al. 1998).

Paddy soil development is driven by the specific
soil management practices that mask the soil's original
character (Kirk 2004). These are regular submergence
and drainage, ploughing and puddling, organic manur-
ing and fertilization. The management-induced change
of oxic and anoxic conditions results in temporal and
spatial variations in reduction and oxidation reactions
affecting the dynamics of soil constituents including C
and N (Cheng et al. 2009). It is commonly accepted
that water logging associated with rice cropping
enhances accumulation of soil organic C and N (Neue
et al. 1997; Lal 2002). However, Olk et al. (1996)
reported that N availability deceased with intensive
rice cultivation, possibly because considerable N
becomes bound to lignin under water-logged condi-
tions (Schmidt-Rohr et al. 2004), and also because of
dentrification of nitrate upon flooding. Thus, the pat-
terns of N-mineralization and nitrification are changed
with duration of paddy farming.

Both ammonia -oxidizing bacteria (AOB) and am-
monia oxidizing archaea (AOA) possess the amoA
gene for the ammonia monooxygenase (AMO), which
implies that both are key players in nitrification (Francis
et al. 2005; Leininger et al. 2006; Wuchter et al. 2006;
Lam et al. 2007; Nugroho et al. 2009). However, there
are ambiguities concerning the relative importance of
these different groups. For example, Tourna et al. (2008)
suggested that AOA played a role in soil nitrification
since the community structure of active AOA changed
in relation to temperature during nitrification, but this
was not the case for the AOB. Offre et al. (2009) also
reported that of the two groups, only AOAwas growing
during active nitrification. However, bacteria rather than
archaea were themore active ammonia oxidizers (Jia and
Conrad 2009; Di et al. 2009). These contrasting results
imply that the relative importance of AOB and AOA
vary depending on the environmental and site condi-
tions (Erguder et al. 2009; Wessen et al. 2010).

The hypothesis of this study is that the soil miner-
alization and nitrification decrease along a chronose-
quence of rice cultivation. Therefore, the objective of
this study was to investigate soil N mineralization and
nitrification processes, and AOB and AOA amoA gene

abundance of AMO, for different durations of rice
cultivation history.

Materials and methods

Site description and soil sampling

The study sites are located in Cixi, Zhejiang Province,
P.R. China. The climate is subtropical with periodical
monsoon rains. Mean annual temperature is 16.3 °C
with a range from 9.3 °C to 38.5 °C, and the mean
annual precipitation is 1325 mm (Cheng et al. 2009).
The overall area is 433 km2 with the variation of altitude
from 2.6 to 5.7 m above sea level. In late spring 2010,
shortly after the harvest of the upland crops, we sampled
a chronosequence of three paddy soils that have
been in rice cultivation for approximately 300,700 and
2000 years (P300, P700 and P2000) (Cheng et al. 2009).
Five field replicates were taken at each site from 0 -
20 cm depth, with each replicate being composed of
seven individual soil cores (diameter was 5.5 cm), which
were pooled and homogenized to reduce heterogeneity.

The duration of rice cultivation at the respective
sites was estimated according to well documented
points in the time of sea dike construction (Cixi
County Annals, abstracted information available at
www.cixi.gov.cn), summarized by Cheng et al. (2009).
Thus, all paddy soils developed from comparable parent
materials (tidal wetlands) and under similar ecological
conditions.

Incubation

For each sample, 50 g soil was added to 40 plastic
bottles (250 ml). Distilled water was added to adjust
the moisture content to 60 % of water-holding capac-
ity. All bottles were covered with polyethylene film
punctured with needle holes to maintain aerobic con-
ditions, and pre-incubated at 28 °C in the dark for
7 days. After pre-incubation, half of the bottles were
amended with 100 mg (NH4)2SO4 kg-1 dry soil to
study nitrification, while another group without the
additional N supply was prepared to study mineraliza-
tion. The loss of water through evaporation was com-
pensated by addition of distilled water every 3 d. At
incubation days 0, 7, 14, 21 and 28, 4 replicate bottles
of each treatment were randomly selected and the soil
extracted by shaking for 1 h with 100 ml of 2 M KCl
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(Keeney and Nelson 1982). The resultant analyses of
inorganic N forms were performed colorimetrically
with a SKLAR continuous-flow analyzer (SKLAR
San++, Netherland, 2003).

DNA extraction & quantitative PCR assay

At incubation days 0, 14 and 28, 4 replicate bottles of
each treatment were randomly selected to extract DNA
and amoA genes was performed by quantitative PCR
(qPCR). The DNAwas extracted for three sub-samples
from 0.50 g of soil with the FastDNA Spin Kit for soil
(MP Biomedicals, United States), according to the pro-
tocol of the manufacturer. The quality and quantity of
the DNA extracts were determined with a spectropho-
tometer (Nanodrop, PeqLab, Germany), and were
pooled and stored at -20 °C until use.

Quantitative PCR of amoA genes was performed to
estimate the abundance of the ammonia-oxidizing bac-
terial and archaeal communities, respectively. The pri-
mers amoA-1 F (5’-GGGGTTTCTACTGGTGGT-3’)
and amoA-2R (5’-CCCCTCKGSAAAGCCTTCTTC-
3’) were used for ammonia- oxidizing bacteria gener-
ating a 491 bp fragment; Arch-amoA F (5’-
STAATGGTCTGGCTTAGACG -3’) and Arch-
amoA R (5’- GCGGCCATCCATCTGTATGT -3’)
were used for ammonia- oxidizing archaea generating
a 635 bp fragment (Francis et al. 2005). 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 quantifi-
cation of amoA genes was performed in a total volume
of 25 μl reaction mixtures by using12.5 μl of SYBR
Premix Ex Taq™ as described by the suppliers (Takara
Bio, Otsu, Shiga, Japan), 0.25 μl of each primer
(50 μm), 1 μl of soil DNA template, with a final content
of 1–10 ng in each reaction mixture,and 11 μl ddH2O.
The fragments for the AOB and AOAwere both ampli-
fied using an initial denaturation step at 95 °C for 3 min,
followed by 35 cycles of 30s at 95 °C, 30s at 55 °C, 30s
at 72 °C for AOB, and 45 s at 72 °C for AOA for the
collection of fluorescence data. All reactions were fin-
ished with a melting curve starting at 65 °C with 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 plas-
mids (pGEM-T, Promega) containing cloned amoA

genes amplified from environmental clones (r2>
0.995 for both standard curves).

Data analyses

The changes in NO3
--N content with incubation time

were modeled with a first-order reaction kinetic mod-
el, expressed as N ¼ N0 þ Np 1� exp �k1tð Þð Þ, or by a
zero-order reaction kinetic model, expressed as N0
N0+k0t. Where N was NO3

--N content at incubation
time t; N0 was NO3

--N content after pre-incubation
(t00); Np was potential nitrification; and k1 and k0 were
rate constants of first- and zero-order reactions, respec-
tively. The potential nitrification rate (Vp) was calculated
from first-order kenetics as Vp0k1*Np (Oorts et al.
2007). The mean actual net nitrification rate (Va) was
calculated as Va0(N28-N0)/28, here N28 was NO3

--N
content after 28 days’ incubation (t028).

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 performed by SPSS sta-
tistical package.

Results

Impacts of rice cultivation duration history on selected
soil properties

Soil pH ranged from 6.69 to 7.07, which did not show
significant differences between 300, 700 and
2000 years of rice cultivation history (Table 1). Soil
organic matter (SOM) and total N showed similar
trends, with the highest values observed for 2000-
year soil of rice cultivation, but no significant differ-
ences between P700 and P300. Soil C to N ratio
ranged from 8.17 to 8.48, and was not affected by
cultivation history. Similar to soil total N, NH4

+-N was
higher for P2000 than P700 and P300. However,
NO3

--N concentrations were significant higher for
the 300-year history than P2000.

Impacts of rice cultivation duration history
on N mineralization

After pre-incubation, mineral N contents ranged from
9.3 to 12.1 mg N kg-1 soil, and increased linearly
during the first 2 weeks of incubation, then the N
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mineralization process slowed and mineral N con-
centrations deceased slightly in the last 2 weeks of
incubation for all soils (Figure 1). Although the N
mineralization process was similar for P300, P700
and P2000, significant differences in N mineralization
rates were observed. For example, N mineralization was
0.85 mg N day-1 for P300, which was significantly
higher than P700 (0.50 mg N d-1) and P2000
(0.51 mg N d-1) in the first 2 weeks of incubation
(r2>0.999, p<0.01).

Impacts of rice cultivation duration history
on N nitrification dynamics

After pre-incubation, NH4
+-N averaged 3.8, 2.0 and

8.3 mg N kg-1 soil for P300, P700 and P2000 respec-
tively, then 100 mg (NH4)2SO4 kg

-1 soil was added to
investigate nitrification dynamics. NH4

+-N increased
significantly in the first week of incubation, ranging
from 17.8 to 24.5 mg N kg-1 soil (F0255.6 and 423.6

for different soils and sampling time respectively, p<
0.05). For P300 and P700, NH4

+-N concentrations
decreased sharply in the second week of incubation,
while NH4

+-N concentrations did not decrease for
2000-year soil. The remarkable decrease in NH4

+-N
concentration for P2000 took place in the third-week
of incubation. During the last week of incubation,
NH4

+-N concentrations did not vary significantly for
all three soils (p>0.05). On the contrary, NO3

--N con-
centrations increased as NH4

+-N concentration de-
creased. NO3

--N ranged from 8.1 to 10.8 mg N kg-1

soil after pre-incubation, and kept increasing during
the first 2 weeks of incubation for P300 and P700 soils
(F025.2 and 104.9 for different soils and sampling
time respectively, p<0.05), then NO3

--N increased
slightly in the last 2 weeks of incubation (Figure 2).
However, the dynamics of NO3-N for the 2000-year
soil did not show similar trends as other sites. For
P2000, the increase of NO3

--N did not occur in the
first 2 weeks of incubation, but took place in the third-

Table 1 Effects of rice cultivation duration history on selected soil properties

Cultivation years pH SOM Total N C/N NH4
+-N NO3

--N
1:1 in H2O g kg-1 g kg-1 mg kg-1 mg kg-1

300 7.07 a 41.0 b 2.91 b 8.17 a 8.84 b 4.51 a

700 6.93 a 39.5 b 2.86 b 8.01 a 10.7 ab 4.10 a

2000 6.69 a 54.1 a 3.70 a 8.48 a 15.5 a 1.45 b

Mean values (n04) in each row not followed by the same letter are different, p<5 % by Duncan's Multiple Range Test.
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Fig. 1 Impacts of land-use
duration on net N minerali-
zation during 28 days incu-
bation at 28 °C with soil
moisture of 60 % WHC
(Soils were pre-incubated
in dark at 28 °C with soil
moisture of 60 % WHC
for 7 days). Bars represent
standard deviation, n04
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week (F025.2 and 104.9 for different soils and sam-
pling time respectively, p<0.05), then decreased
slightly in the last week.

Regression analysis showed that the time-
dependent kinetics of net nitrification was best fitted
by a first-order model for 300 and 700-year soils.
Simulated parameters of nitrification were listed in
Table 2. Although potential nitrification (Np) and av-
erage nitrification rates (Va) did not show significant
difference for P300 and P700 soils, the simulated
potential nitrification rates (Vp) and nitrification reac-
tion rates (k1) were 72 % and 88 % higher for P300
than P700, respectively. However, the nitrification
dynamics for P2000 did not fit first or zero-order
kinetics. The average nitrification rates (Va) during
the 4-week incubation was 0.39 mg N kg-1 soil d-1,

which was lower than P300 (0.69 mg N kg-1 d-1) and
P700 (0.66 mg N kg-1 d-1).

pH changes in mineralization and nitrification
dynamics

Soil pH ranged from 6.80 to 7.02 after pre-incubation,
which did not vary between paddy ages. pH changes
during 28 d mineralization and nitrification were
shown in Figure 3 (a) and (b), respectively. Generally,
soil pH decreased during the first 3 weeks of incuba-
tion. Statistical analysis indicated significant differen-
ces in pH between day 0 and day 21 (F035.3 and 261
for different soils and sampling time respectively, p<
0.05), and pH increased from day 21 to the end of the
incubation. The biggest pH decrease in mineralization
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Fig. 2 Impacts of pro-
longed paddy cultivation on
NH4

+-N (a) and NO3
--N (b)

dynamics with additional
N supply during 28 days
incubation (Soils were pre-
incubated in dark at 28 °C
with soil moisture of 60 %
WHC for 7 days, then added
100 mg (NH4)2SO4 kg

-1).
Bars represent standard
deviation, n04
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was 1.0 unit, whereas in nitrification it was 2.1 units
(p<0.05) (Fig. 3).

Abundance of ammonia-oxidizing bacterial (AOB)
and ammonia-oxidizing archaeal (AOA) amoA gene
copies

Abundance of AOB and AOAwas estimated by quan-
tifying their respective amoA gene copy numbers as-
suming that individual bacteria and archaea contain
only one copy of the amoA gene. The highest level of
AOB amoA gene copies were observed for 300-year
soil, and the lowest was for 2000-year soil. After pre-
incubation, AOB amoA gene copy numbers were 11.5,
6.92 and 1.66 * 105 copies g-1 dry soil for P300, P700
and P2000 soils, respectively, and all increased to their
highest levels after 2 weeks’ incubation, then de-
creased sharply till the end of incubation without
additional N supply (Figure 4a) (F0142.6 and 263.4

for different soils and sampling time respectively, p<
0.05). For treatments with (NH4

+)2SO4 application,
AOB amoA gene copy numbers kept increasing and
their highest level were observed at the end of incu-
bation for all soils (Figure 4b) (F063.4 and 87.8 for
different soils and sampling time respectively, p<
0.05). Therefore, AOB amoA gene copy numbers for
soils with additional ammonium application were
higher than those without N supply controls at the
end of incubation.

AOA amoA gene copy numbers ranged from 8.86
to 12.8 * 105 copies g-1 dry soil after pre-incubation,
which did not differ significantly for soils with differ-
ent rice cultivation year’s history (F02.67, p>0.05).
AOA dynamics during incubation showed similar
trend for all soils, with or without additional N supply
(Figure 4, c and d). The highest levels in AOA amoA
gene copies were observed after 2 weeks’ incubation,
then decreased till the end of incubation. Unlike AOB,

Table 2 Parameters of zero or first-order kenetics fitting nitrate-N accumulation during 28 days of incubation

Duration of
management (years)

Model Np k1 Vp Va R2

(mg Nkg-1) (day-1) (mg Nkg-1 day-1)

300 First-order 18.9 0.181 3.42 0.69 0.994*

1000 First-order 20.7 0.096 1.99 0.66 0.991*

2000 Not-fitted 0.39

aMean values (n04) of nitrate-N of four replicates were used in fitting first–order reaction
b Np was potential nitrfication; and k1 was the rate constant of first–order reaction. Vp was potential

nitrification rate calculated from first-order kenetics as Vp0k1*Np. Va was average net nitrification rate
c * indicates significance at p<0.05 level
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Fig. 3 pH changes in mineralization (a) and nitrification (b)
dynamics during 28 days incubation at 28 °C with soil moisture
of 60 % WHC (Soils were pre-incubated in dark at 28 °C with
soil moisture of 60 % WHC for 7 days. After pre-incubation, no

N supply was added for mineralization study while 100 mg
(NH4)2SO4 kg

-1 was applied for nitrification study). Bars repre-
sent standard deviation, n04
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AOA abundance did not increase by ammonium
application.

Discussion

Effects of prolonged rice cultivation
on N mineralization and nitrification

Present results clearly supported the hypothesis that
both N mineralization and nitrification were depressed
along prolonged paddy cultivation. Soil TN did not
differ significantly for P300 and P700. Roth et al.
(2011) reported that TN increased along prolonged
paddy management from land embankment (P0) and
reached a maximum for a 300-year site under paddy-
wheat rotation (P300). The maximum indicated a
steady-state equilibrium in which additional N input
was balanced by N loss (Roth et al. 2011). However,
the 2000 year-old paddy (P2000) showed a signifi-
cantly elevated N content than P300 and P700. This
may be a result of high rates of fertilizer-N application
and organic input from roots and stubble under inten-
sive cultivation. Similar results were also reported for
paddy soils at the same site (Cheng et al. 2009).
However, an increase in TN did not necessarily coin-
cide with an increase in readily mineralizable organic

N. During the four-week incubation, the highest min-
eral N fraction (NH4 and NO3) of TN decreased with
prolonged paddy management (0.82 %, 0.69 % and
0.49 % for P300, P700 and P2000, respectively). The
lower mineral N fraction for P2000 means lower
available N pools compared to P300 and P700. Fur-
thermore, soil net N mineralization rate was 70 %
higher for P300 than P700 and P2000 during the first
2 weeks of incubation. The results indicated that SON
pools changed and the fraction of readily mineralized
organic N decreased with prolonged paddy manage-
ment. Olk et al. (1996) reported that N utilization
efficiency deceased with intensive rice cultivation
and concluded that the bioavailability of the soil or-
ganic N (SON) had declined. Schmidt-Rohr et al.
(2004) also found that N bound to lignin accounted
for the reduced bioavailability of N under water-logged
conditions.

Additional NH4
+-N was added to investigate nitri-

fication dynamics for soils with different rice cultiva-
tion duration history. Results showed nitrification
dynamics differed from N mineralization. The N min-
eralization process was similar for P300, P700 and
P2000, however, nitrification dynamics for P2000
showed different pattern compared to P300 and P700.
For P300 and P700, strong nitrification occurred the first
2 weeks of incubation, whereas obvious nitrification
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took place in the third-week of incubation for P2000.
This was clearly demonstrated by a decrease in
NH4+-N concentrations and an increase in NO3

--N
concentrations.

The nitrification process in soils could be simulated
by zero- or first-order kinetics (Mary et al. 1998;
Pansu et al. 2003; Cheng et al. 2004; Oorts et al.
2007; Jiang et al. 2011). In the present study, results
the time-dependent kinetics of net nitrification was
best fitted by a first-order kinetic model for P300 and
P700. This indicated that the substrate (NH4

+-N) is
less than the capacity of catalyst, and the rate of
nitrification was proportion to the first power of sub-
strate concentration. Since additional NH4

+-N supply
was the same (100 mg (NH4)2SO4 kg

-1 soil), actual net
average nitrification rates (Va) and potential nitrifica-
tion (Np) did not vary between P300 and P700 soils.
This result was also supported by the decrease in
NH4

+-N concentrations and the increase in NO3
--N

concentrations that did not differ significantly for
P300 and P700 during the 4-week incubation. How-
ever, results may be different when the bioavailable-N
supply is sufficient. Simulated potential nitrification
rate (Vp) and nitrification reaction rate (k1) were 72 %
and 88 % higher for P300 than P700 respectively, with
simulated results also supported by amoA gene abun-
dance. Highest level of AOB amoA gene copies were
observed for 300-year soil which were significant
higher than P700, and the lowest was for 2000-year
soil during the whole incubation. Bannert et al. (2011)
also reported AOB amoA gene copies were more than
5 times higher for P300 than P2000. Nitrification
dynamics for P2000 did not fit first or zero-order
kinetics, and nitrification rates during 4-week incuba-
tion was significant lower for P2000 than P300 and
P700, suggesting that soil nitrification deceased with
prolonged paddy management.

Response of AOA and AOB dynamics
to mineralization and nitrification

Similar dynamic patterns were observed in both AOB
and AOA abundance during mineralization and nitri-
fication processes for soils with different duration of
paddy management. All paddy soils collected in this
study were developed from comparable parent materi-
als (tidal wetlands) and under the same ecological
conditions, and soil N accumulation were reported to
reach steady-state condition after about 300 years of

rice cultivation (Cheng et al. 2009; Roth et al. 2011;
Bannert et al. 2011). Although soil organic C and total
N was higher for P2000, soil C to N ratio was similar
to P300 and P700. Therefore, it is possible that micro-
bial community involved in N turnover was similar for
soils with different duration of paddy management.

AOA amoA gene copies were greater than AOB in
the present paddy soils, and AOA abundance did not
differ significantly for soils with different rice cultiva-
tion year’s history. Furthermore, AOA did not re-
sponse to additional NH4

+ supply during incubation
for all soils. These results agreed well with previous
studies (Leininger et al. 2006; He et al. 2007; Chen et
al. 2008; Shen et al. 2008; Jia and Conrad 2009;
Bannert et al. 2011). However, AOA amoA gene cop-
ies increased significantly when mineralization took
place, and decreased to original levels when mineral-
ization stopped. This indicated that archaeal AMO
responded to mineralization positively more so than
nitrification, and further suggested that readily miner-
alized organic matter may play an important role in
AOA abundance. In support of this hypothesis, Wessen
et al. (2010) found that AOA community size was
negatively correlated to soil organic C content and the
C: N ratio, and archaeal amoA transcript levels were
stimulated by plant derived organic substrates (Chen et
al. 2008). Bacterial AMO is a multifunctional enzyme,
oxidizing methane, carbon monoxide and a range of
organic compounds (Prosser and Nicol 2008). Although
little is currently known of the alternative substrates for
archaeal AMO, the significant differences in cell meta-
bolic and biochemical processes may have consequen-
ces for functional diversity. The abundance of archaeal
AMO may result not from ammonia oxidation but, for
example, from mixotrophic or heterotrophic growth
(Prosser and Nicol 2008; Wessen et al. 2010).On the
contrary, AOB abundance showed positive response to
ammonium supply for all soils with different duration of
rice cultivation. Similar responses were also observed in
acid (He et al. 2007) and alkaline soils (Shen et al.
2008), suggesting that nitrification was driven by
bacteria rather than archaea in the present rice-based
ecosystem.

Conclusions

N mineralization was depressed along prolonged paddy
cultivation, probably because that SON pools changed
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and the fraction of readily mineralized organic N de-
creased along prolonged paddy management. Nitrifica-
tion was also found depressed along prolonged paddy
cultivation, possibly because abundance of ammonia-
oxidizing bacterial decreased with continuing paddy
use. The archaeal amoA responded to mineralization
more positively than nitrification, suggesting that read-
ily mineralized organic matter may play an important
role in AOA AMO abundance.
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